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Control and Repair of Bridge Deck Cracking 
Introduction  
A large number of bridges across the state of 
Indiana have exhibited early age deck cracking.  
This presents a major threat to the lifespan of 
these bridges, as deck cracking often leads to 
corrosion of the reinforcing steel by creating a 
path for water and deicing salts to reach the steel.  
Therefore, there is a need to develop design and 
construction guidelines to control deck cracking in 
newly constructed bridges.  In addition, a method 
to repair deck cracks must be developed to 
prevent corrosion of the reinforcement in bridges 
already in service.  The objective of this research 
is to develop effective design, construction, and 
repair methods for the control of bridge deck 
cracking. 
Findings  
The research was conducted in four phases.  The 
first phase consisted of a field investigation of a 
new bridge that is experiencing significant deck 
cracking.  The second phase evaluated the influence 
of curing and concrete mix design on the control of 
deck cracking.  The third phase evaluated the 
effectiveness of a variety of commercially available 
crack repair products.  Finally, the fourth phase 
evaluated deck reinforcement design parameters to 
effectively control crack widths and mitigate 
cracking in future construction.  Based on 
conclusions made from this research project, the 
following design, construction, and repair 
recommendations are made: 
 
Design and Construction of New Bridges: 
1. The amount of deck reinforcement should 








2. For special structures where enhanced 
durability is desired, reinforcement 
amounts greater than that recommended 
above should be considered. 
3. Alterations to the concrete mix design 
used on bridge decks (Class C concrete) 
are strongly recommended, specifically a 
reduction in the cement and water contents 
and the addition of fly ash. 
4. Casting of concrete decks should not be 
conducted when temperatures below 40°F 
are expected on the day of casting or the 7 
days following casting.  In addition, 
weather conditions such as low humidity 
and high wind speeds should be avoided 
on the day of casting. 
5. Continuous wet cure procedures, initiated 
as early as possible after concrete 
placement, should be strictly followed. 
6. The minimum 7 day continuous wet cure 
should be provided. 
 
Repair of Existing Bridges: 
1. The selection of crack repair material 
should be performed considering crack 
widths.  For narrow cracks, methacrylates 
should be considered as they provide 
deeper penetration into the crack than 
epoxies.  For wide cracks (> 0.016 in.), 
epoxies are recommended because of their 
higher bond strength and their 
demonstrated performance in this 
investigation.  Methacrylates should not be 
used as a repair solution for the repair of 
wide cracks (> 0.016 in.) as indicated by 
their poor performance in this 
investigation.   
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2. A list of repair products demonstrated to 
enhance the durability of the deck is 
provided within this report.  It is important 
that the application procedures for the 
product be followed to provide for proper 
performance of the material. 
3. A pretreatment stripe should be 
incorporated into all gravity feed crack 
repair procedures. 
4. All overlay repair should be conducted in 
conjunction with a gravity feed crack 
repair. 
Implementation  
The design, construction, and repair recommend-
dations provided in this study can be implemented 
to improve the durability and lifespan of bridge 
decks and consequently the entire structure.  It is 
suggested that these recommendations become 
standard practice across the state with 
implementation into appropriate design and 
construction standards such as the INDOT Design 
Manual and the INDOT Standard Specifications. 
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16.  Abstract 
Cracking of bridge decks poses a significant threat to the lifespan of our nation’s bridges.  Cracking has been shown 
to occur in various climates and geographical areas and can be seen on various types of superstructures.  Often these cracks 
appear before or shortly after opening the bridge to live loads.  Cracks in the deck create a path for water and deicing salts to 
reach the steel, often leading to corrosion of the reinforcement, greatly reducing the durability of the deck.  Measures must be 
taken during design and construction to control bridge deck cracking and prolong the lifespan of bridges.  In addition, there 
is a need to develop effective methods to repair cracks in existing bridge decks.  This project consisted of four phases of 
research to investigate methods to control and repair deck cracking.  The first phase of the study was a field investigation of a 
new bridge that is experiencing significant deck cracking.  The second phase was an evaluation of previous recommendations 
regarding curing and concrete mix design and their effect on the control of deck cracking.  The third phase of the study 
evaluated the effectiveness of a variety of commercially available crack repair products.  The fourth phase evaluated the 
influence of the design and layout of the deck reinforcement in controlling crack widths.  Based on the findings of this study, 
inadequate deck reinforcement and poor construction practices, particularly deck casting during poor weather conditions, 
were identified as major causes of bridge deck cracking for the structure investigated.  Recommendations are provided for 
the design and construction of new bridge decks as well as for the repair of existing bridge decks.  In particular, a minimum 7 
day minimum wet cure is recommended along with alterations to the concrete mix to reduce bridge deck cracking through the 
reduction of concrete shrinkage.  Recommendations are also provided regarding the amount of reinforcement required to 
optimally control crack widths and improve the durability of bridge decks.  Finally, guidance is provided regarding both the 
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1.1  Introduction 
 
 Cracking of bridge decks poses a significant threat to the lifespan of our nation’s 
bridges.  A survey of 52 transportation agencies identified more than 100,000 bridges 
across the United States that have exhibited early age bridge deck cracking (Krauss and 
Rogalla 1996).  Cracking has been shown to occur in various climates and geographical 
areas and can be seen on various types of superstructures.  Throughout the state of Indiana, 
a large number of bridges have exhibited deck cracking, much of which occurred during 
the early stages after construction.  Often these cracks appear before or shortly after 
opening the bridge to live loads. 
 Cracks in the deck create a path for water and deicing salts to reach the steel, often 
leading to corrosion of the reinforcement.  Most harmful to the health of the bridge are full 
depth, transverse cracks, such as those shown in Figure 1.1, which can reach widths of 
0.025 in. or larger.  These cracks can be problematic because cracks with widths of 0.002 
in. or more have been shown to allow the penetration of water and chloride ions to reach 
the reinforcing steel (Krauss and Rogalla 1996).   
 Precautionary measures must be taken to control bridge deck cracking and prolong 
the lifespan of bridges.  Construction practices are a significant factor that must be 
considered.  Design of the deck reinforcement is also an important aspect in the control of 
bridge deck cracking.  Both design and construction practices can decrease cracking and 
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penetration.  The major cause of transverse cracking has been shown to be restrained 
shrinkage (Radabaugh 2001).   
 
 
   
Figure 1.2: Full depth transverse cracking (Radabaugh 2001) 
 
 
1.2.2  Longitudinal Cracking 
 
 Longitudinal cracks, an example of which is shown in Figure 1.3, run parallel to the 
bridge girders and generally form directly above the edges of the girders.  This type of 
cracking in ordinary girder type bridges is thought to be due to the presence of steel angles 
at these locations that are used to secure stay-in-place metal deck pans and cause a stress 
concentration (Radabaugh 2001).  Longitudinal cracks have also been shown to occur 
directly above top mat longitudinal reinforcement, likely due to obstructed settlement of the 





Figure 1.3: Longitudinal cracking (Radabaugh 2001) 
 
 
1.2.3  Map Cracking 
 
 Map cracking, also known as pattern cracking, appears in more random locations 
and directions (Figure 1.4).  Map cracks are often attributed to poor construction practices 
such as drying of the concrete surface during placement and improper curing.  They are 
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shrinkage (Tia et al. 2005).  Consequently, proper construction practices and wet curing can 
significantly decrease the amount of plastic shrinkage. 
 
1.3.1.2  Drying Shrinkage  
 
 Drying shrinkage, which occurs during the hardened concrete state and is similar to 
plastic shrinkage, is the dominant form of shrinkage on typical bridge decks (Radabaugh 
2001).  When the external humidity is lower than the internal humidity of the concrete, 
water tends to be drawn to the surface and evaporate.  As the water travels to the surface, 
negative pore pressures develop, which causes a volumetric contraction of the concrete (Tia 
et al. 2005).  Drying shrinkage can be significantly decreased during the period of wet 
curing.  However, once wet curing is stopped, drying shrinkage will initiate.  
 
1.3.1.3  Carbonation Shrinkage 
 
 Carbonation shrinkage occurs due to the reaction of hydrated cement with 
atmospheric carbon dioxide (Tia et al. 2005).  This reaction causes concrete on the surface 
to shrink. Carbonation shrinkage is not significant when compared to plastic and drying 
shrinkage.  
 
1.3.1.4   Autogeneous Shrinkage 
 
 Autogeneous shrinkage occurs due to internal chemical shrinkage and can occur 
even if the concrete experiences no water loss.  This type of shrinkage is rare, only 
becoming significant when the water-to-cement ratio is less that 0.3 (ACI 224.1R-07).  
Therefore, when a typical concrete is used, bridge decks are unlikely to experience 
significant autogeneous shrinkage.  However, the increased usage of High Performance 






1.3.2  Thermal Volumetric Changes 
 
The concrete deck can experience volumetric changes due to temperature 
variations caused by the heat of hydration of fresh concrete or by ambient temperature 
cycles in its hardened state. As the concrete hydrates, heat is liberated causing the 
expansion of concrete while gaining strength. The temperature rises to a maximum and 
declines thereafter until the ambient and concrete temperature coincide. If the set of 
concrete occurs at the peak temperature, the maximum thermal stresses develop in the 
hardened concrete when cooling. After concrete set, thermal stresses develop from 
ambient temperature cycles. If concrete is restrained, volume changes associated with 
temperature variations can generate cracking.  
 
1.3.3  Creep Effects on Restraint Shrinkage 
 
Restrained concrete experiences significant deformation at early ages due to 
tensile creep (Altoubat and Lange 2001). The creep mechanism reduces the shrinkage 
stresses that are induced by the restraint of shrinkage.  In the study by Altoubat and 
Lange (2001), it was determined that creep reduces shrinkage stresses by 50% and delays 
the time of cracking by two to three times.    
 
1.3.4  Types of Restraint 
 
 Restrained shrinkage occurs when concrete is not permitted to shrink freely as a 
result of some type of restraint.  Unrestrained shrinkage alone is not harmful to concrete 
and will not cause cracking; however, bridge decks are not unrestrained.  Restraint of 
concrete bridge decks occurs due to many factors, but the most common type of restraint is 
composite action of the deck with the superstructure.  Other types of restraint that are 
present in bridge decks include stay-in-place (SIP) forms and internal restraint provided by 
the reinforcement and the concrete itself. 
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1.3.4.1  Superstructure  
  
 The identification of restrained shrinkage as the main cause of transverse cracking 
can be supported by analyzing the presence of transverse cracks on varying superstructures.  
More transverse cracks have been observed on bridges with steel girder superstructures 
than on those with concrete superstructures (Radabaugh 2001).  While the concrete deck 
shrinks after placement, the steel girders do not which causes a high level of restraint.  
Furthermore, more transverse cracks have been observed on bridges incorporating precast 
girders as compared to cast-in-place girders.  Despite the fact that the precast girders will 
experience shrinkage, a significant portion of the shrinkage occurs before the casting of the 
deck.   Therefore, precast girders will shrink significantly less than the deck and provide 
significant restraint.  Cast-in-place girders, especially those cast concurrently with the deck, 
shrink along with the deck and therefore provide less restraint. 
 
1.3.4.2  Stay-in-Place Forms 
 
 The use of SIP forms during construction of bridge decks has been shown to 
increase transverse cracking by adding restraint to the deck and creating a phenomenon 
known as differential shrinkage (Blackman, 2002).  SIP forms, such as those shown in 
Figure 1.6, are economical as compared to wood forms and are therefore commonly used in 
construction of concrete bridge decks (Radabaugh 2001).  However, unlike wood forms, 
SIP forms are not removed after construction.  Because SIP forms seal the bottom of the 
deck, a moisture gradient is created as water is permitted to evaporate from the top only.  
Therefore, the top of the deck tends to shrink more than the bottom.  This differential 
shrinkage causes the deck to curl, which is resisted by the composite action of the deck and 
the superstructure (Frosch et al. 2003).  Restrained curling introduces higher stresses in the 
upper portion of the deck than would otherwise be observed due to shrinkage alone (Krauss 
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construction practices. All of these aspects influence early age cracking by affecting 
concrete volumetric changes and the restraint provided.  
 
1.4.1  Material Properties    
 
In a concrete mix design, different variables affect the magnitude of concrete 
shrinkage. The main parameters considered are cement content and type, water to cement 
ratio, aggregate properties, and the addition of admixtures.  
Higher strength concretes experience more shrinkage because more cement paste 
is required. Increased paste increases the amount of shrinkage. Finer cements and higher 
cement contents also produce higher temperatures from the heat of hydration, leading to 
more thermal contraction.  Fast setting concrete mixtures tend to shrink more than normal 
concrete due to high early heat of hydration, while shrinkage compensating cements 
reduce shrinking significantly.  
If the cement content is not varied, a higher water to cement ratio increases 
concrete shrinkage. Furthermore, weaker concrete develops as a result of the extra water, 
increasing the potential for cracking.  
Aggregates provide restraint to the shrinkage of the cement paste. Therefore, a 
concrete is less susceptible to shrinkage with higher aggregate contents and larger 
aggregate sizes. Quality aggregates with a high modulus of elasticity help reduce 
shrinkage.  A well graded aggregate will also help minimize shrinkage.   
Admixtures used in concrete can improve the cracking performance of concrete. 
The effect depends on the type of admixture applied. Those that reduce the cracking 
tendency of concrete are water reducers and retarders. Accelerators and silica fume tend 
to increase the heat of hydration causing higher volumetric contraction.  Air entrainment 
is useful to protect the deck from freeze-thaw cycles and for reducing the water content 
of concrete, without modifying its workability. Fly ash is another admixture that can 
reduce shrinkage by decreasing the amount of water in the mixture (Tia et al. 2005). It 
also can be used to reduce the amount of cement and reduce the heat of hydration.  
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1.4.2  Design Practices  
 
Structural design can significantly affect the tendency of cracking of a bridge 
deck. Parameters such as deck thickness, reinforcement amount and configuration, and 
the degree of restraint of the structural elements can influence deck performance.   
 
1.4.2.1  Shrinkage and Temperature Reinforcement  
 
The durability of bridge decks is highly affected by the width of cracks since 
water and deicing salts can penetrate into the deck, leading to corrosion of the 
reinforcement.  After cracking, crack widths are controlled and limited by the 
longitudinal deck reinforcement. Shrinkage strains are distributed along the 
reinforcement to allow the formation of a large number of narrow cracks instead of a 
small number of wide cracks (ACI 224R-01). If the deck is over-reinforced, narrow 
cracks will form. However, if the deck is under-reinforced, the reinforcement will yield 
until shrinkage strains are distributed within the crack width, causing larger crack spacing 
and widths. Generally, deck cracks form halfway between other cracks or joints, where 
the tensile stresses of concrete are higher.  
Different provisions and recommendations have been specified as presented in 
Table 1.1 to control crack widths caused by shrinkage and temperature. This table 
includes the required minimum amounts of reinforcement and maximum bar spacing. It 
should be noted that AASHTO and ACI provide minimum shrinkage and temperature 
reinforcement amounts for general structural elements. However, the ACI 224 amount is 
for the specific case of restrained shrinkage and the Frosch et al. (2003, 2006) amounts 
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   where: 
                            cd    =    clear cover 





As noted in Eq. 1.1 and Eq. 1.2, simplified expressions are provided for typical 
values used in bridge decks: compressive strength of 4,000 psi, Grade 60 steel and 
concrete cover of 3”. 
The maximum crack width in a bridge deck can be estimated by the following 
expression as proposed by Frosch et al. (2006) as:   
 























               w    =    crack width, in. 
rE    =    reinforcement modulus of elasticity, psi 
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      =    reinforcement bond factor: 1.0 for steel bars, 1.5 for FRP bars 
cf '   =    concrete compressive strength, psi 
g    =    reinforcement ratio of the gross section 
                         cd    =   clear cover, in.   
                          s     =   reinforcement spacing, in.  
 
  
 Transverse reinforcement also affects bridge deck cracking. This reinforcement 
can increase stresses by reducing the concrete cross section. Therefore, it is beneficial to 
use the minimum transverse bar size and spacing (NCHRP 2004). 
  
1.4.3  Construction Practices 
 
During placement of concrete, weather conditions can significantly increase the 
tendency of cracking in bridge decks. Temperatures below 40˚ F during wet curing can 
delay the development of concrete strength. (Mindess et al. 2003). The potential of 
cracking will increase if concrete is placed during temperatures above 90˚ F, high wind 
speeds, and low relative humidity. Moisture evaporation can be reduced by the use of 
windbreaks and fogging equipment (NCHRP 2004). 
 Proper wet curing can reduce plastic shrinkage and delay drying shrinkage of the 
concrete deck. During curing, the tensile strength of concrete increases while 
experiencing little to no shrinkage. As a result, the concrete is able to gain sufficient 
strength to resist stresses induced by restrained shrinkage and prevent deck cracking. 
Some of the methods employed for wet curing are the use of sprinklers, covering the deck 
with wet burlap and plastic sheeting, and ponding water on the deck.  
 
1.5  Corrosion of Steel Reinforcement  
 
Corrosion of a metal is caused by an electrochemical process that occurs in the presence of moisture 
or an oxidizing agent.  A high alkaline environment, generally provided by concrete in normal 
conditions, will not initiate corrosion of steel reinforcement (Mindess et al. 2003).  In a high alkaline 
environment, the steel reinforcement develops a passive oxide coating which provides protection 

















t the cathode 
and hydroxid
stresses that 

















xides in the p
h the reinfor




es which are 
can lead to cr
uction in the 
tive corrosion
 1.7. As il
ding steel b






















orides.  As sh
 at the anode,
ter. The elect
 the cathode, 
ide ions (4OH
). This corros




el at the locati









own in  







nal steel.  The
e tensile stren










 travel from t
action occurs
een the cath












ve ions such a
 the solution 
he anode to th
 in the presen
ode and the a
as moisture a
ed by the reac

































































cks due to 
HRP 2004)
reinforceme










































nd drying  
ng bar can 





















































can significantly affect the width of cracks.  Epoxy coating can increase crack widths up 
to 70% when compared to black bars (Frosch et al. 2003). Crack widths must be scaled 
1.5 times to consider the additional slip between the FRP reinforcement and concrete 
(Frosch et al. 2006).   
 
 
1.6  Repair of Bridge Deck Cracking 
 
 Regardless of the design and construction practices implemented to reduce bridge 
deck cracking, it is not possible to completely eliminate it.  Further, these practices can 
only be implemented to control cracking of newly constructed bridges.  Therefore, there is 
a need to develop effective methods to repair cracks in existing bridge decks to increase the 
durability of the deck.   
 A variety of products have been used on bridge decks across the United States for 
the purpose of crack repair with varying results due to a wide range of field conditions and 
product quality.  Some of the parameters affecting the performance of crack repair include 
the viscosity and bond strength of the product, as well as the quality of the repair.  Field 
conditions affecting crack repair performance include crack width, temperature, and 
humidity.   
 
1.6.1  Types of Crack Repair Products  
 
 Various types of products exist that are designed to repair cracks in bridge decks.  
These include injection repair, gravity feed repair, routing and sealing, and overlay systems 
(ACI 224 2007).  The type of repair selected is based on the condition of the bridge, the 
cause of the cracking, and cost. 
 
1.6.1.1  Epoxy Injection  
 
 Epoxy injection is a repair method best suited to cracks that are no longer active 
such as those due to early age shrinkage (ACI 224 2007).  High-strength, low-viscosity 
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1.6.1.3  Routing and Sealing 
 
 Routing and sealing is a repair method generally used when a structural repair is not 
needed (ACI 224 2007).  The crack is enlarged and filled with a joint sealer such as a low-
strength epoxy, silicone, or asphaltic material.  Routing and sealing is effective as a 
waterproofing repair but not generally used when there is potential for movement across 
the crack.  Therefore, routing and sealing is not recommended as a repair technique for 
bridge deck cracking. 
 
1.6.1.4  Overlay Systems 
 
 Overlay repair systems are not intended to repair cracks but rather to repair the 
entire surface.  By covering the deck surface, overlay repairs obscure the cracks and can 
prevent chloride penetration.  Overlay systems are usually applied by spreading an epoxy 
across the entire surface and broadcasting a wearing surface of gravel, stone, or large sand 
particles.  Multiple layers may be necessary to properly apply the overlay.  Because overlay 
systems cover cracks rather than repairing them, they are often susceptible to cracking at 
the location of the original concrete crack.  If the overlay has sufficient strength to remain 
intact under traffic loads, it may be ideal for repair of highly cracked bridge decks.  Often it 
is recommended that overlay repair products be used in conjunction with a gravity feed or 
epoxy injection crack repair to maximize the effect of both products (ACI 224 2007). 
 
1.6.2  Factors affecting Repair Performance 
 
 The performance of crack repair products used to repair bridge deck cracks has 
varied greatly due to a number of factors.  The quality of the product itself is important, but 
field conditions such as temperature and humidity, as well as the application process, also 





1.6.2.1  Repair Product Variables 
 
 The performance of repair products is dependent on a number of material properties  
including bond strength, viscosity, flexibility, and cure time.  Most commercially available 
products have been designed to have optimal viscosity and high bond strength while 
remaining flexible and curing quickly, but there is significant variation.  It is important to 
consider all of these factors when selecting a crack repair product.   
 
o Bond Strength 
  The bond strength of the repair product plays a major role in determining its 
effectiveness as a crack sealer.  The crack must remain sealed under traffic loading 
to be considered effectively repaired.  Most gravity feed repair products have a 
bond strength greater than the tensile strength of the concrete.   
 
o Viscosity 
  The viscosity of the repair product determines the depth of penetration into 
the crack.  Increased penetration provides more bond surface and therefore more 
strength to seal the crack.  In gravity feed applications, a high viscosity will not 
allow for full penetration and may not adequately repair the crack.  Overlay 
products are especially problematic because they have very low penetration depths 
and therefore may crack under loading.  Conversely, products with a very low 
viscosity may require too many pre-treatment applications to properly seal a crack, 
making such products impractical for bridge repair.  Generally, low viscosity 
gravity feed repair products are considered optimal for crack sealing.   
 
o Flexibility 
  Flexibility is an important factor to consider when choosing a repair product 
because it is necessary for a product to be adequately flexible under loads.  Brittle 
products, even those with high bond strengths, may fracture under heavy or 
dynamic loads and allow chloride penetration.   
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o Curing Time 
  Curing time must be considered because faster curing times allow the 
bridge to be reopened to traffic sooner.  Most gravity feed products will cure within 
a few hours and allow for same day bridge traffic.  Overlay products have longer 
curing times because of the higher volume of material. 
 
1.6.2.2  Field Condition Variables 
 
 Regardless of the quality of the crack repair product, other factors must be taken 
into account to achieve proper crack repair.  The application of the product, including 
surface preparation, product mixing, and curing, must be conducted correctly.  Weather 
must also be taken into account, as certain weather conditions can adversely affect the 
quality of the repair. 
 
o Application of Repair Product  
  Improper application can negate the benefits of applying the repair products.  
Surface preparation, such as cleaning and drying of the bridge deck prior to 
application, is necessary to allow for full penetration and proper bond.  It is also 
essential to follow all timing limits for mixing, pre-treating, flooding, and removing 
any excess product.  For these reasons, simple, standard, application techniques are 
desired to eliminate potential mistakes. 
 
o Weather Conditions 
  Conditions such as temperature and humidity at the time of application can 
also affect the repair quality.  Many products require a certain temperature range 
during application or shortly after application, outside of which the product should 
not be applied.  The same applies to humidity and inclement weather.  If these 
specifications are not followed, the crack repair may be inadequate.  Products that 
offer wider temperature and humidity ranges are desirable. 
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1.7  Previous Research 
 
 Previous research has provided recommendations for control and repair of bridge 
deck cracking, including construction and design recommendations for controlling cracking 
of new bridge decks and recommendations for repair of existing bridge decks.   
 
1.7.1  Krauss and Rogalla (1996) 
 
 A study by Krauss and Rogalla used theoretical analysis, field studies, and 
laboratory tests to determine the causes of bridge deck cracking.  Recommendations were 
made to control cracking through design, material selection, and construction techniques.  
Because higher strength concrete generally leads to more shrinkage, it was recommended 
that concrete strengths be limited to minimum requirements.  Additional longitudinal deck 
reinforcement was recommended, with a minimum of size 10M (#4 bars) spaced at 150 
mm (6 in.).  In addition, it was noted that, because composite action with the girders during 
early age shrinkage is a major cause of deck cracking, non-composite decks could be 
implemented during construction and connected to the girders following initial shrinkage.  
 Concrete properties were noted as being especially significant in controlling deck 
shrinkage.  To reduce shrinkage and lead to less cracking, concrete was recommended to 
have to following properties: 
o Low modulus of elasticity 
o High creep 
o Low coefficient of thermal expansion 
o Low heat of hydration 
o High thermal conductivity 
 Finally, construction techniques were studied and recommendations were made 
regarding ways to control cracking through construction practices.  It was noted that 
placement of the concrete should not take place during periods of elevated temperatures or 
low humidities.  Other recommendations included initiating wet curing as soon as possible, 
extending curing as long as practical, and monitoring the evaporation rate to ensure proper 
curing. 
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1.7.2  French, Eppers, Le, and Hajjar (1999) 
 
 A study was conducted to investigate reasons for and solutions to bridge deck 
cracking across the state of Minnesota.  A field investigation was conducted on 72 bridges, 
a shrinkage study was conducted on two Minnesota Department of Transportation concrete 
bridge deck mixes, and a computer model was created to study time-dependant effects on 
bridge deck cracking.   
 Design-related parameters determined to affect shrinkage cracking included the 
degree of restraint and deck reinforcement.  It was recommended that restraint could be 
reduced by using prestressed girders, increasing girder spacing, and increasing the use of 
deck expansion joints.  A reinforcement spacing of 5.5 in. for #5 bars or 6.5 to 7 in. for #6 
bars was also recommended.  
 Materials-related parameters found to affect shrinkage were cement content, water-
cement ratio, and aggregate type.  An upward limit of 650 to 660 lb/yd3 of cement was 
recommended to reduce cement paste and the peak hydration temperature.  In addition, low 
water-cement ratios were recommended.  Finally, a well-graded aggregate was determined 
to positively affect the shrinkage performance of concrete mixes. 
 Construction-related parameters focused on the effect of temperature at the time of 
the deck pour.  Temperatures below 45°F or above 85°F were determined to lead to 
increased deck cracking.  In addition, more deck cracking was shown to occur on days 
where there is a large temperature range (greater than 50°F).  It was recommended that 
further research be conducted that considers the effect of curing period, curing methods, 
pour length and sequence, finishing procedures, vibration techniques, and additional 
weather conditions such as humidity and wind velocity.  
 
1.7.3  Frosch, Blackman, and Radabaugh (2003) 
 
 Research was conducted including a field investigation and laboratory testing to 
determine the factors influencing deck cracking and to provide recommendations to 
minimize cracks.  The research focused on the effect of restrained shrinkage, form type, 
and bar spacing on crack widths and spacing. 
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 It was recommended that the minimum wet cure duration in Indiana be increased 
from 96 hours to 7 days to reduce shrinkage cracking.  Mix design and material selection 
were also noted as significant factors that must be considered in controlling the shrinkage 
of bridge decks.  It was noted that required cement content could be altered to reduce the 
shrinkage of the concrete while still meeting minimum strength requirements.  At the time, 
INDOT required a minimum of 659 lbs/yd3 of cement, producing concrete strengths often 
exceeding 6,000 psi which greatly exceed the minimum required strength of 4,000 psi.  It 
was recommended that a change be made in the required cement content of bridge deck 
concrete.  
 Design of the reinforcement was also investigated, with recommendations made 
regarding maximum bar spacing and minimum reinforcement ratio to control cracking.  A 
maximum bar spacing of 6 in. was recommended and the minimum amount of reinforcing 
steel, meant to prevent yielding of the steel and thereby reduce crack widths, was 











  where: 
  Ag = gross area of section, in.
2 
  As = area of reinforcement in cross-section, in.
2 
  f’c = specified compressive strength of concrete, psi
 
  fy = specified yield strength of reinforcement, psi 
 
 It was determined that the presence of SIP forms causes curling due to differential 
shrinkage which often leads to increased deck cracking.  In addition, it was found that 
longitudinal cracks are often caused by the presence of upturned angles used to support SIP 
forms.  It was recommended that flat, removable formwork be considered as an alternative. 
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1.7.4  Frosch, Bice, and Erickson (2006) 
 
 The objective of this study was to evaluate the influence of design parameters on 
the cracking of bridge decks.  A field investigation was conducted which instrumented four 
bridges.  This information was used to develop design recommendations with respect to the 
amount and spacing of reinforcement in the deck. 
 This research confirmed the importance of a minimum reinforcement area to avoid 
yielding of the reinforcement. Furthermore, it confirmed the amount of reinforcement 








  where: 
  ρg = reinforcement ratio of the gross section, in.
2 
  f’c = specified 28-day concrete compressive strength, psi
 
  fy = reinforcement yield stress, psi 
 
 In addition, a maximum bar spacing for Grade 60 steel was recommended to be 9 
in. for the normal range of concrete covers used in bridge decks.  Larger covers require 
closer bar spacings.   
 
1.7.5  Altoubat and Lange (2001) 
 
 Uniaxial, restrained shrinkage tests were conducted to evaluate the behavior of 
restrained concrete specimens.  Tensile creep, shrinkage strains and stress, and cracking 
were investigated on specimens that were subjected to varying humidities, initial curing, 
and alternate wet-dry cycles. 
 It was found that crack initiation often occurs at stresses lower than static tensile 
strength.  In addition, tensile creep was determined to play a major role in predicting 
cracking.  A reduction in shrinkage strains was observed due to tensile creep, extending the 
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predicted time to first cracking (based on free shrinkage models) by two to three times.  
Finally, varying wet curing procedures were also studied as they relate to early age 
shrinkage and cracking.  It was noted that increased wet curing durations lead to lower 
shrinkage but also leads to higher concrete stiffness which can increase the potential for 
cracking.  A balance must be achieved between increased stiffness and decreased shrinkage 
to control cracking.  
 
1.7.6  Tia, Subramanian, Brown, and Broward (2005)  
 
 The objectives of this study were to evaluate various concrete mixtures to 
determine their effectiveness in limiting shrinkage strains.  Mixes incorporating varying 
cement contents, w/c ratios, aggregate size and gradation, and admixtures were examined.  
A laboratory test was conducted to evaluate these mixes under restrained shrinkage 
conditions. 
 It was found that shrinkage-reducing admixtures were very effective in reducing 
shrinkage and therefore providing increased resistance to restrained shrinkage cracking.  
Fly ash was recommended as a mineral admixture, as the mixes incorporating this material 
exhibited the lowest shrinkage strains.  
 
1.7.7  Pincheira and Dorshorst (2005) 
 
 A study was conducted to assess the effectiveness of various commercially 
available crack repair products.  Both deck sealers, which are broadcast across the entire 
deck, and crack sealers, which repair individual cracks, were considered.  Tests were 
conducted to measure the depth of penetration and bond strength of the products as well as 
their response to freeze-thaw cycles.  Other factors such as the time to open traffic and cost 
were also considered.  
 The study of deck sealants consisted of 13 commercially available products.  None 
of the products was able to reach penetration depths specified by the manufacturer.  In 
addition, penetration depth measured at different locations on the same specimen showed 
large variation.  Most products were negatively affected by freeze-thaw cycles, which 
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decreased their ability to prevent chloride penetration.  The deck sealant products 
recommended by this study were Hydrozo Silane 40 VOC and Sonneborn Penetrating 
Sealer 40 VOC.  
 Ten crack sealants were also studied and compared to each other and to the deck 
sealant products.  The crack sealants showed higher depths of penetration as compared to 
the deck sealants.  It was determined that variation of crack width not exceeding 0.060 in. 
did not affect the performance of crack sealants.  The crack sealers recommended by this 
study were Sikadur 55 SLV, Dural 335, Sikadur 52, Degadeck Crack Sealer, and Denedeck 
Crack Sealer. 
 The study recommended further research on chloride penetration and a study 
examining varying crack widths, especially wide cracks (greater than 0.060 in.).  A field 
application was also recommended to test the best crack repair products under field 
conditions.  
 
1.7.8  Meggers (1996) 
 
 A study was conducted to determine the ability of various crack sealers to repair 
cracks in older bridge decks.  Both high molecular weight methacrylates (HMWM) and 
epoxy repair products were considered.  Depth of penetration and ability to prevent 
chloride intrusion were studied, and the specimens were subjected to wet-dry cycles, 
freeze-thaw cycles, and salt water ponding.   
 The results were generally inconclusive but did offer some insight into the factors 
which determine the effectiveness of a repair product.  It was found that performance was 
unrelated to the depth of penetration and rather was influenced by such properties as 
viscosity, flexibility, and bond strength.  Both the epoxy and HMWM products performed 
well, and no conclusion was made as to which was generally more effective.  The epoxies 
were effective due to their high bond strength while the HMWMs were effective because of 





1.7.9  Johnson, Schultz, French and Reneson (2009)  
 
 The objective of this research was to compile and determine the current application 
practices and performance of deck sealants and crack sealers. The information was 
collected from a literature review of current and significant studies in this field.  
 From the report, observations and recommendations were provided to improve 
crack repairs and ensure the durability of bridge decks. It was concluded that depth of 
penetration and chloride content tests were the QA/QC tests most frequently performed. 
Furthermore, it was determined that HMWM products usually provide better crack 
penetration while epoxies provide a higher bond strength and good resistance to freeze-
thaw cycles.  
 An application temperature between 45 and 90⁰ F was recommended. In addition, 
the following properties for crack sealers were provided to enhance the effectiveness of 
repairs: viscosity less than 500 cP (or 25 cP for HMWM sealers), tensile strength more than 
8 MPa and a tensile elongation larger than 10%. 
  The report recommended further research on epoxies regarding field performance, 
freeze-thaw testing, long term performance, and the occurrence of re-cracking.   
  
1.8  Objective and Scope 
 
 While significant research has been conducted regarding causes, control, and repair 
of bridge deck cracking, previous studies have identified several areas where additional 
research is needed.  Furthermore, new bridges continue to experience problems associated 
with deck cracking.  There are several objectives of this research program: 1) investigate 
the reasons that bridge decks continue to experience cracking problems, 2) examine design 
and construction recommendations made by previous studies, and 3) evaluate  crack repair 
methods that have the potential to extend the lifespan of existing bridges that are 
experiencing deck cracking.  To fulfill these objectives, four phases of research will be 
conducted.  The first phase of the study will be a field investigation of a new bridge that is 
experiencing significant deck cracking (Chapter 2).  The second phase will evaluate 
previous recommendations regarding curing and concrete mix design and their effect on the 
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control of deck cracking (Chapter 3).  The third phase of the study will evaluate the 
effectiveness of a variety of commercially available crack repair products (Chapter 4).  
Finally, the fourth phase will evaluate design parameters to effectively control crack widths 















2.1  Introduction 
 
 Bridge deck cracking has been observed on a significant number of bridges 
throughout the state of Indiana.  While design recommendations have been provided by 
previous research studies (Frosch et al. 2003, 2006), new bridges continue to exhibit 
extensive deck cracking.  The objective of this phase of research was to evaluate the causes 
of cracking.  Specific questions include whether design recommendations were 
implemented in new construction and whether the causes of cracking are the same as those 
previously identified.  
 
2.2  US-50 Bridge 
 
 The US-50 bridge, located in Vincennes, IN, consists of two structures (eastbound 
and westbound) crossing the Wabash River (Figure 2.1).  The structure is jointly 
maintained by the Indiana Department of Transportation (INDOT) and the Illinois 
Department of Transportation (IDOT).  A rehabilitation of the bridge was completed in 
2002 and 2003 which included the placement of a new concrete deck on both spans.  
Significant cracking in the bridge deck was observed in both spans shortly after placement.  
An investigation of this structure and in particular its design and construction was 
conducted to determine the causes of deck cracking.  
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Figure 2.1: US-50 bridge 
 
2.2.1  Bridge Design 
 
 The US-50 crossing consists of two 1745.5 ft bridges, each with a width of 36’- 4” 
which includes two 12 ft lanes and two 4’-8” shoulders.  Each bridge consists of 17 total 
spans with lengths varying from 65 to 150 ft (Figure 2.2).  A summary of span lengths is 
provided in Table 2.1. 
 
 
Figure 2.2: US-50 span layout 
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Table 2.1: US-50 span length summary 
 
Span Length (ft) Span Length (ft) 
A 66.5 L 80 
B 125 M 80 
C 150 N 80 
D 150 O 65 
E 150 P 65 
F 150 Q 80 
G 125 R 80 
J 65 S 80 
K 80 T 65 
 
 
2.2.1.1  Superstructure Design 
 
 Spans B-G (girder spans) crossing the river are the longest (125 and 150 ft).  These 
spans consist of two continuous plate girders with an overall depth of 8 ft-0.5 in. that are 
spaced at 26 ft on-center.  Floor beams are used to support four 14WF30 stringers that are 
spaced at 5 ft-2 in. on-center.  Cross bracing is present throughout the length of these spans.  
A typical section is shown in Figure 2.3 
 Span A and Spans J-T are shorter approach spans, varying in length from 65 to 80 
ft.  These spans consists of five 36WF160 interior beams spaced at 6 ft on center and two 
36WF160 exterior beams spaced 4 ft-6 in. from the interior beams.  A typical cross section 
is presented in Figure 2.4.   
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Figure 2.3: Superstructure and deck reinforcement details, Spans B-G 
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Figure 2.4: Superstructure and deck reinforcement details, Spans A, J-T 
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2.2.1.2  Deck Design 
 
 The rehabilitation of the bridge included a complete replacement of the bridge deck 
of both the eastbound and westbound spans.  The deck has a thickness of 8 in.  Typical 
deck cross sections are provided in Figure 2.3 and Figure 2.4. 
 The deck is reinforced longitudinally in two mats.  The top mat is continuously 
reinforced with #4 bars spaced at 12 in. while the bottom mat is continuously reinforced 
with #5 bars spaced at 12 in., resulting in a reinforcement ratio of 0.54%.  In addition to 
this continuous reinforcement, additional reinforcement was placed in the top mat in the 
negative moment region over the piers.  The additional reinforcement consists of #6 bars at 
12 in., providing a total top mat reinforcement layout of alternating #4 and #6 bars spaced 
at 6 in.  The reinforcement ratio in this region is 0.98%.  In Spans B-G, this additional 
reinforcement extended for approximately 40 ft on either side of the centerline of the pier.  
In Spans J-T, the additional reinforcement extended approximately 17 ft on either side of 
the centerline of the pier.  
 Transverse deck reinforcement consists of two layers of #5 bars spaced at 8 in.   
The top mat of transverse reinforcement was placed above the top mat of longitudinal steel 
while the bottom mat of transverse steel was placed below the bottom mat of longitudinal 
steel to maximize eccentricity of the transverse reinforcement.  This layout is consistent 
along the entire length of the bridge.  
 
2.2.2  Construction 
 
 The bridge was rehabilitated from 2002 to 2003.  The deck of the eastbound span 
was cast over the period of October 22, 2002 to April 1, 2003.  The westbound span was 
cast over the period of July 17, 2003 to September 5, 2003.  Figure 2.5 indicates the 
sequence and locations of the deck pours.  A summary of the weather conditions on all 
casting dates, measured at the Lawrenceville (IL) / Vincennes (IN) International Airport 
and provided by the National Oceanic and Atmospheric Administration, are provided in 
Table 2.2 and Table 2.3.  High, low, and average temperatures, total precipitation, average 
humidity, and average wind speed are indicated.  A temperature history from September 1, 
2002 to October 31, 2003, with casting dates indicated, is provided in Figure 2.6. 
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 While the wet curing duration and procedure were not made available, the bridge 
rehabilitation took place after the minimum required wet curing duration was increased by 
INDOT from 4 days to 7 days.  Therefore, it can be assumed that a 7 day wet cure was 
implemented throughout the bridge.  However, it should be noted that many sections of the 
eastbound deck were cast on days when temperatures were below 39° F. 
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High  Low Avg.
1 P-T 10/22/2002 67 35 51 0 76 4.1 
2 J-O 11/12/2002 47 28 38 0 78 6 
3 A 12/10/2002 36 24 30 0 85 4.7 
4 B-Part D 3/22/2003 62 36 49 0 63 8.1 






















High  Low Avg.
6 A 7/17/2003 89 63 76 0 73 3.5 
7 B-Part D 8/5/2003 84 64 74 0 79 2.6 
8 P-T 8/12/2003 85 64 75 1.7 85 5.9 
9 Part D-G 8/26/2003 97 68 83 0 69 7.8 













































Figure 2.6: Temperature history, 9/1/2002 – 10/31/2003 
 
 ` 
2.3  US-50 Bridge Field Investigation 
 
 A field investigation of the US-50 bridge took place on April 15, 2008 (Figure 2.7). 
The investigation focused on bridge deck cracking and was conducted in two phases.  The 
first phase consisted of a qualitative evaluation of the deck to identify problem areas for 
further investigation.  The deck of the westbound bridge was determined to be in 
significantly better condition than the deck of the eastbound bridge.  Second a qualitative 
evaluation was conducted of deck.  For the westbound bridge, the general crack pattern was 
mapped along with representative crack widths.  For the eastbound bridge, a more detailed 
crack mapping was performed to determine transverse crack locations, representative crack 
widths, and overall cracking pattern.  
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Figure 2.7: Crack mapping of US-50 bridge 
 
  
2.3.1  Westbound Structure 
 
 Both a qualitative and quantitative crack mapping was performed of the westbound 
bridge.  Because the westbound bridge exhibited less cracking than the eastbound bridge, a 
complete crack mapping was not performed.  Rather, representative crack spacings and 
crack widths were measured in different regions of the deck.  Complete crack spacings 
were recorded for one girder span (Span F) and one beam span (Span K), as these spans 
exhibited the most severe cracking.  
 
2.3.1.1  Girder Spans (Spans B-G) 
  
 Cracking of the girder spans was observed in both the positive and negative 
moment regions.  In the negative moment region, corresponding to the region with 
increased longitudinal reinforcement, transverse cracks were spaced fairly regularly in the 
range of 8 to 12 ft.  Crack widths in the negative moment region were measured to be 
approximately 0.013 in.  Less cracking was observed in the positive moment regions of the 
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girder spans.  Generally, a crack was observed at the third points and midpoint of the span.  
Crack widths in the positive moment region ranged from 0.010 to 0.020 in. but typically 
were 0.016 to 0.02 in.  A representative crack pattern for the westbound girder spans is 
provided in Figure 2.8 which is for Span F. 
 
Span F (WB)
0 25 50 75 100 125 150
Location (ft)
 
Figure 2.8: Girder span crack pattern (westbound)  
  
2.3.1.2  Beam Spans (Spans A, J-T) 
 
 The beam spans exhibited a different cracking pattern than that of the girder spans.  
Relatively little cracking was observed in the negative moment region, with a transverse 
crack generally only occurring over or near the piers.  In the positive moment region, 
transverse cracks were spaced between 3 and 10 ft with average spacings of approximately 
6 ft.  Crack widths in the positive moment region were in the range 0.016 to 0.020 in.  A 
representative crack pattern is provided in Figure 2.9, which is for Span K. 
Span K (WB)
0 20 40 60 80
Location (ft)
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2.3.2  Eastbound Structure 
 
 The eastbound structure exhibited significantly more cracking than the westbound 
structure.  For this reason, a detailed crack mapping was conducted over the entire length of 
the bridge.  A qualitative and quantitative evaluation was performed, with locations of all 
transverse cracks noted and representative crack widths measured.  Extensive transverse 
cracking was observed, as well as instances of longitudinal (Figure 2.10) and map cracking 
(Figure 2.11).  In addition, evidence of damage due to freeze/thaw cycles was observed 









  42  
 
 




Figure 2.12: Freeze/thaw damage on US-50 bridge 
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2.3.2.1  Girder Spans (Spans B-G) 
 
 Extensive transverse cracking was observed in the girder spans in both the positive 
and negative moment regions.  A crack map of the transverse crack for each girder span is 
provided in Figure 2.13.  The average crack spacing for these spans was approximately 6.5 
ft.  Span C exhibited the most cracking, with an average crack spacing of approximately 
4.5 ft followed by Span F with an average crack spacing of approximately 5.5 ft.  Fewer 
transverse cracks appeared near expansions joints, which are located as shown at the ends 
of Spans B and G which are the transition points from beam spans to girder spans.  In 
addition, very little cracking was observed in an 80 ft region extending 40 ft. into both Span 
D and Span E, the geometric center of the girder span structure.   
 Cracks in the positive moment region of the girder spans are fairly regularly spaced 
at approximately 6 ft and have an average width in the range of 0.016 to 0.020 in.  An 
example of typical transverse cracking is shown in Figure 2.14.  The negative moment 
region exhibited a more irregular pattern, with crack spacings ranging from less than 1 ft to 
over 10 ft.  Cracks in this region were generally finer and more closely spaced than in the 
positive region.  The finer crack widths exhibited in the region are likely a result of the 
increased reinforcement and decreased bar spacing.   
 Overall bridge geometry appears to play a role in the cracking pattern.  The general 
crack pattern was symmetrical about the geometric center of the girder span structure (the 
pier between Spans D and E).  The ends, which corresponded to locations of expansion 
joints, exhibited the least cracking.  The most cracking occurred in Spans C and F, located 
at the approximate quarter points of the span.  Less cracking was observed in Spans D and 
E, the center spans of the structure.  It should be noted that a pourline exists within Span D 
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Span B (EB)
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Span F (EB)
















Figure 2.13 (cont.): Girder span crack pattern (eastbound) 
N
N
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Figure 2.14: Transverse deck cracking on US-50 bridge  
 
 
2.3.2.2  Beams Spans (Spans A, J-T) 
 
 The eastbound beam spans also exhibited significant transverse cracking in both the 
positive and negative moment regions (Figure 2.15).  Transverse crack locations for each 
span are shown in Figure 2.16.  Regions adjacent to expansion joints demonstrated the least 
amount of transverse cracks.  Cracks in the negative moment region usually occurred 
directly over the pier and at irregular spacings between 1 and 25 ft but generally were in a 
range of 3 to 7 ft.  The positive moment region also exhibited a wide range of crack 
spacings, ranging from 3 to 20 ft.  Crack widths in the positive moment region were 
generally between 0.016 and 0.020 in. while the crack widths in the negative moment 
region were finer, within a range of 0.010 to 0.013 in.    
 As in the girder spans, bridge geometry appears to play a role in determining the 
overall crack pattern.  The beam spans consist of two regions bounded by expansion joints: 
Spans J-O and Spans P-T.  Spans J-O exhibited a cracking pattern similar to the girder 
spans, symmetrical about the geometric center.  Little cracking exists in Spans J and O 
which correspond to the locations of the expansion joints.  Moving inward towards the 
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geometric center, the most cracking occurs at the approximate quarter points of the region, 
Spans K and N.  The center spans, L and M, exhibited less cracking than Spans K and N 
but more than Spans J and O.  As in the girder spans, the geometric center of this region 
occurs at a pier.  
 Beam Spans P-T also showed an overall crack pattern that was symmetrical about 
the centerline of the region.  Cracking was minimal in the regions adjacent to expansion 
joints (Spans P and T).  Cracking increased in Spans Q and S, the approximate quarter 
points of the region.  The most cracking, however, was observed in Span R.  It should be 
noted that in the case of the structure spanning from P-T, the geometric center occurs at the 
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Span M (EB)
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Span Q (EB)
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2.4  Cracking Analysis 
 
 While cracking was observed in all regions of the bridge, crack spacing and widths 
varied throughout.  The westbound structure exhibited significantly less cracking than the 
eastbound structure.  In addition, different crack patterns were observed in different regions 
within the structure and at different locations within individual spans.  
 Transverse cracking in the positive moment region, likely cause by restrained 
shrinkage alone, was spaced at regular intervals generally varying from 3 to 7 ft.  These 
cracks were generally larger, with widths falling between 0.016 and 0.020 in.  Transverse 
cracks in the negative moment region were more tightly and irregularly spaced, likely 
because the cracks in this region are a result of both restrained shrinkage and negative 
moment bending.  Cracks in this region were finer than those in the positive moment 
region, with widths generally falling between 0.010 and 0.013 in.  Little cracking was 
observed in regions adjacent to expansion joints, as this greatly reduced the amount of 
restraint.   
 Factors that appeared to have a significant influence on the bridge deck pattern 
include deck reinforcement, bridge geometry, and weather during construction.  It should 
be noted that the design of the deck was identical for both the eastbound and westbound 
structure.  Furthermore, the same concrete mix design (INDOT Class C) was provided for 
both structures.  Therefore, these parameters were not considered as variables that could 
explain variations in cracking other than the possibility of construction error. 
  
2.4.1  Effect of Reinforcement 
 
 The design of the deck reinforcement was reviewed to evaluate its influence on the 
deck cracking of the US-50 bridge.  The reinforcement ratio in the negative moment region 
of the deck is 0.98% with a bar spacing of 6 in. while the positive moment region contains 
a reinforcement ratio of only 0.54% and a bar spacing of 12 in.  Generally, the negative 
moment region exhibited more tightly spaced and narrower cracks that the positive moment 
region.  The lower amount of reinforcement used in the positive moment region likely 
experienced some yielding, causing larger crack widths.  The negative moment region was 
reinforced with alternating #4 bars and #6 bars spaced at 6 in., which significantly 
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improved the performance in this region and resulted in smaller crack widths.   The 
reinforcement ratios in the deck were compared with those previously recommended for 
the control of bridge deck cracking by Frosch et al. (2006).  Assuming 4000 psi concrete 
and Grade 60 reinforcing steel, the required reinforcement ratio to control cracking is 
0.633%.  While the reinforcement in the negative moment region met this requirement as 
well as the maximum recommended bar spacing (6 in.), the reinforcement in the positive 
moment region was significantly below the recommended amount (approximately 16% 
less).  In addition, the bar spacing of 12 in. in this region was twice the recommended 
spacing.  The difference in cracking performance between the positive and negative 
moment regions provide support for the recommended minimum reinforcement ratio and 
maximum bar spacing. 
  
2.4.2  Effect of Bridge Geometry 
 
 A correlation was observed relating the cracking pattern of the bridge deck to the 
geometry of the bridge.  Little cracking was observed in regions adjacent to expansion 
joints, likely due to the decreased restraint provided in these regions.  In regions within 
expansion joints, extending between five and six spans, there was a general symmetry 
about the centerline of the region.  Cracking increased towards the interior of the region 
and was especially high in spans at the approximate quarter points.  In cases where the 
centerline of the region occurred at a pier (Spans B-G, J-O), there was a decrease in 
cracking at the centerline likely due to a higher amount of reinforcement in these regions.  
Span D, near the geometric center of structure B-G, may have also exhibited less cracking 
due to the presence of a pourline (Figure 2.13), which decreased the restraint in that region.  
In cases where the centerline of the region occurred at midspan (Spans P-T), the span 
containing the region’s centerline exhibited extensive cracking due to the lower amount of 
reinforcement at midspan.  Overall, there appears to be a correlation relating the distance of 
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2.4.3  Effect of Weather 
 
 While the bridge geometry and deck reinforcement are identical in both the 
eastbound and westbound structures, differences in cracking performance were identified.  
Therefore, differences in weather conditions at the time of construction were reviewed.  
Because a large portion of the eastbound deck was poured during the late fall and winter, 
the ambient temperature at the time of the pour was relatively low.  The extensive cracking 
of the deck may have been affected by a large temperature differential between the steel 
girders and concrete during hydration.  In addition, the low temperatures likely caused a 
slow development of strength in the deck which may have led to increased cracking as the 
tensile strength was not adequate to resist the tensile stresses due to restrained shrinkage.  It 
is also likely that the low temperatures made proper wet curing difficult if not impossible   
The westbound span was cast during summer months with temperatures averaging between 
65° F and 83° F, high enough to greatly reduce the temperature differential while not 
surpassing 90° F, as recommended by ACI 224R-07.   
  Crack patterns of Span F for both the eastbound and westbound structures are 
presented in Figure 2.17.  Temperature and humidity data for the 7 days following each 
corresponding pour is presented in Figure 2.18.  As shown, eastbound Span F exhibited 
much more cracking that westbound Span F.  Low temperatures from 4/5/2003 through 
4/8/2003 may have influenced the cracking.  Proper wet curing is difficult if not impossible 
at low temperatures, especially if the temperature is near freezing, as was the case on 
4/6/2003.  It is probable that proper wet curing was not carried out on eastbound Span F.  
 Crack patterns of Span K for both the eastbound and westbound structures are 
presented in Figure 2.19.  Temperature and humidity data for the 7 days following each 
corresponding pour is presented in Figure 2.20.  Similar to Span F, eastbound Span K 
exhibited much more cracking than westbound Span K.  Eastbound Span K was cast on 
11/12/2002 and in the 7 days following the cast was frequently exposed to temperatures at 
or below freezing.  These low temperatures caused a high temperature differential between 
the deck and the steel girders during casting.  In addition, it is expected that wet curing was 
very difficult due to the low temperatures and may not have been performed.  The 
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increased cracking in eastbound Span K compared to westbound Span K was most likely 
due to these factors.  
 Other weather conditions such as precipitation, humidity, and wind speed did not 
appear to have a significant influence on the early age shrinkage of the decks (Table 2.2, 
Table 2.3).  No precipitation occurred during the casting of the eastbound deck and 
occurred only once during the casting of the westbound deck.  In addition, the average 
relative humidity and average wind speed during days of casting were similar for most 
castings.  However, the casting of eastbound span D-G was performed on a day with both 
low humidity (41% RH) and high winds (19.9 mph).  As shown in Figure 2.18, the relative 
humidity was fairly low for the first few days following casting of eastbound Span F.  This 
likely affected cracking, as higher humidities during the casting of westbound Span F led to 
better performance.  Map cracking was evident in these spans, indicating significant plastic 
shrinkage that would be expected for low humidities and high wind speeds.  These factors 
may have also increased surface evaporation, leading to higher early age shrinkage and 
increased cracking in these spans (Figure 2.13).   
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Figure 2.17: Span F crack pattern, eastbound and westbound 
 






























































































Figure 2.18: Temperature and humidity data, Span F 
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Span K (EB)
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Figure 2.20: Temperature and humidity data, Span K 
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2.5  Summary 
 
 Based on a quantitative and qualitative investigation of the bridge deck cracking 
pattern of the US-50 bridge, the following trends were observed: 
 
1. Significantly more cracking was observed in the eastbound span than the 
westbound span. 
2. Little cracking was observed in regions adjacent to expansion joints. 
3. Cracks in negative moment regions of the bridge were generally more closely 
spaced than in positive moment regions. 
4. Cracks in negative moment regions of the bridge were generally finer (0.010 to 
0.013 in.) than cracks in positive moment regions (0.016 to 0.020 in.). 
 
 An investigation of the design and construction of the bridge revealed three major 
factors that appear to have significantly influenced the bridge deck cracking behavior: 
 
1. Deck Reinforcement: 
 An inadequate reinforcement ratio and bar spacing is present in the positive 
moment regions of the bridge, likely contributing to the extensive cracking and 
increased crack widths in these regions.  The negative moment regions contain an 
increased reinforcement ratio and decreased bar spacing which led to decreased 
crack widths in the regions.    
 
2. Bridge Geometry:  
 Regions adjacent to expansion joints exhibited the least cracking due to 
decreased restraint.  The most cracking occurred in positive moment regions not 
adjacent to expansion joints due to high tensile stresses caused by high levels of 
restrained shrinkage.  Negative moment regions not adjacent to expansions joints 
likely also experienced high tensile forces but less cracking due to increased 
reinforcement. 
 
  59  
3. Weather: 
 The difference in cracking performance of the eastbound and westbound 
structures can be attributed to the weather during construction.  Detrimental effects 
caused by the low temperatures during the construction of the eastbound structure 
include a high temperature differential between the deck and the steel girders during 
casting, a retarded development of tensile strength in the deck, and improper and 
ineffective wet curing.  Other weather conditions that contributed to deck cracking 
include low humidities and high wind speeds during casting.  The most severe 
cracking was exhibited by eastbound Spans D-G which experienced this 
combination of environmental factors.  The difference in performance between the 
eastbound and westbound structures illustrates the importance of weather 
conditions during construction.  
 
2.6  Conclusions 
 
 Based on an analysis of the structure and its construction, it was determined that 
poor weather conditions during construction and inadequate deck reinforcement caused the 
significant bridge deck cracking of the US-50 bridge.  The deck reinforcement ratio and bar 
spacings in the positive moment regions of the bridge were below those recommended to 
control deck cracking (Frosch et al. 2003, 2006) which resulted in considerable deck 
cracking and wide cracks.  Deck cracking of the eastbound structure was significantly 
worse than the westbound structure due to poor weather conditions at the time of casting.  
While a 7 day minimum wet cure was required at the time of construction, low 
temperatures at the time of casting made proper wet curing difficult if not impossible.  Low 
temperatures also led to increased deck cracking by causing a slow development of 
concrete strength and a high temperature differential between the concrete deck and the 
steel girders during hydration.   











3.1  Introduction 
 
 Laboratory specimens were constructed to investigate the influence of both the wet-
cure duration and concrete mix on the shrinkage of concrete.  The primary objectives of 
this phase of the research were to determine whether the current INDOT-required 7 day 
wet cure is adequate and to compare the performance of INDOT Class C concrete used in 
bridge decks to the performance of a lower-cement-content mix.  A secondary objective 
was to evaluate the capability of sensors to quantitatively measure the quality and duration 
of the wet curing. 
 
3.2  Specimen Design 
 
 The laboratory specimens were designed to represent an interior section of a full-
scale bridge deck.  The size selected was 24 in. by 24 in. by 8 in., with the 8 in. dimension 
representing the thickness of a typical bridge deck (Figure 3.1).  The other dimensions were 
selected to provide sufficient surface area to shrink similarly to a bridge deck while still 
allowing for ease of handing in the laboratory.  The specimens were designed to allow for 
free shrinkage and therefore contained no reinforcing steel or other form of restraint.  
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Figure 3.1: Specimen dimensions 
 
 
3.2.1  Specimen Variables 
 
 Three test variables were evaluated, including the duration of wet cure, wet curing 
procedure, and concrete mix.  Details of the specimens are provided in Table 3.1.   
 
o Curing Duration 
 The specimens were continuously wet cured for different durations, varying from 1 
to 28 days.   Following wet curing, the specimens were placed in a humidity-controlled 
room and permitted to shrink freely. 
 
o Curing Procedure 
 While the majority of the specimens were continuously wet cured, two variable 
curing procedures were implemented to investigate the effect of improper curing regimens.  
The first procedure consisted of alternating periods of wet curing and drying (Figure 3.2).  
The second procedure consisted of initially wet curing the specimens but, rather than 
rewetting the burlap as needed, allowing it to slowly dry out (Figure 3.3).  This procedure 
simulated an improper curing regimen which may occur during construction. 
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o Concrete Mix 
Two mixes were selected and included an INDOT Class C concrete mix, typically 
used in bridge deck construction, as well as a concrete mix designed with a lower cement 
content.  This alternate mix was designed using recommendations provided in a previous 
JTRP study (Frosch et al. 2003) to produce lower shrinkage.  The concrete was designed to 
achieve a minimum strength of 4000 psi as required for bridge deck construction.  
 
 





INDOT Class C Low Shrinkage Mix 
1 C-1 LS-1 
3 C-3 LS-3 
5 C-5 LS-5 
7 C-7 LS-7 
10 C-10 LS-10 
14 C-14 LS-14 
21 C-21 LS-21 
28 C-28 LS-28 
Variable 1 C-V1 LS-V1 
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Figure 3.2: Variable Cure 1 timeline
Figure 3.3: Variable Cure 2 timeline
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3.3  Instrumentation 
 
 Instrumentation of the curing specimens was designed to serve two purposes.  The 
first was to measure the shrinkage of the specimens.  The second was to investigate the 
effectiveness of the sensors to serve as a measurement device that can monitor the quality 
and duration of the curing procedure.  Instrumentation included embedment strain gages, 
humidity gages, and thermocouples. 
 
3.3.1  Strain Gages 
 
Vishay Micro-Measurements EGP-5-350 embedment strain gages were placed in 
the specimens to measure concrete shrinkage strains.  These gages consisted of a 4 in. gage 
length inside of a 5 in. outer body.  In addition to providing protection for the gage inside, 
the outer body’s deformations allow the concrete to securely attach to the gage, ensuring 
maximum strain sensitivity.  The engineering data for the strain gages is provided in Table 
3.2. 
 
Table 3.2: Embedment strain gages details 
 
Gage Type EGP-5-350 
Resistance in Ohms at 24˚ C 350 +/- 0.8% 
Gage Factor at 24˚ C 2.06 +/- 1.0% 
Temperature Range +25˚ to +125˚ F 
Self-Temperature Compensation Yes 
Strain Limits 0.5% 
 
 
 The gages were oriented in the specimens such that longitudinal shrinkage strains 
could be measured.  This alignment is shown in Figure 3.4.  To install the gages at the same 
position in all specimens, they were hung from above the forms using wire to provide 
correct alignment at the center of the specimens (Figure 3.5). 
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Embedment strain gage 
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3.3.2  Relative Humidity Sensors 
 
 Relative humidity sensors were installed in selected specimens to investigate 
whether a correlation can be observed between the internal relative humidity of the 
concrete and the curing procedure. A number of humidity sensors were considered 
including the Sensiron SHT7x Humidity and Temperature Sensor, the Ohmic Instruments 
UPS-600 Humidity Sensor, and the Ohmic Instruments IC–HC-610 Humidity Sensor.  The 
Ohmic Instruments IC-HC-610 Humidity Sensor was selected for a number of reasons.  
First, the sensor can measure a wide range of humidities and is accurate up to about 95% 
RH. Second, the sensor is a capacitive sensor and has a linear DC voltage output, making it 
easy to implement in the field using common data collection systems. Finally, it is 
relatively inexpensive, making it a good candidate for field implementation. 
 When placed in concrete, the humidity sensor must be protected from the concrete, 
water, and other materials which would interfere with the accuracy of or damage the 
sensor.  A method to protect the humidity sensor, developed in previous research (Grasley 
and Lange 2004), was implemented which involved placing the sensor inside a small 
plastic tube.  One end of the tube was sealed with electrician’s tape and Star Brite Liquid 
Electrical Tape waterproofing sealant.  The other end was covered by a Gore-Tex patch and 
attached with Super Glue Cyanoacrylate adhesive.  Gore-Tex was used because it allows 
water vapor to reach the sensor while protecting it from liquids or other materials that could 
damage the sensor.  
 Humidity sensors were not placed in all of the shrinkage specimens because they 
were being evaluated solely as a monitoring device.  Therefore, humidity sensors were 
placed in the four specimens that underwent variable curing to determine if irregular curing 
practices could be observed through analysis of the data from the sensor only.  Humidity 
sensors were also placed in the 7-day cure specimens to provide a relative frame of 
reference.  The 7-day cure specimens were selected as the control, as this is the standard 
wet curing duration required by INDOT. 
 The humidity gages were placed near the center of the specimens.  The alignment 
of the gages did not matter, but they were placed as close to the center of the specimens as 
possible to eliminate edge effects without interfering with the embedment strain gages. 
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3.3.3  Thermocouples 
 
 Thermocouples were installed in the curing specimens to determine if there was a 
correlation between the internal temperature of the concrete and the curing procedure.  The 
thermocouples were made of Type T thermocouple wire from Omega Engineering, Inc.  
One copper wire and one constantan wire were soldered together and covered with shrink 
wrap for protection.  The thermocouples measure temperature relative to a Campbell 
Scientific 107-L Temperature Probe which uses a thermistor to measure the ambient air 
temperature. The details of the probe are provided in Table 3.3. 
 The thermocouples were placed within the specimen relatively close to the center.  
Space was provided to eliminate interference with the embedment strain gages and 
humidity sensors.  
 
Table 3.3: Temperature probe details 
 
Sensor Type 
Campbell Scientific 107-L 
Temperature Probe 
Temperature  Measurement Range -35˚ to +50˚ C 
Temperature  Survival Range -50˚ to +100˚ C 
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3.4  Materials 
 
 Two types of concrete were used for this study.  The first was an INDOT Class C 
mix obtained from Irving Materials (IMI), a local supplier.  INDOT Class C is the type of 
concrete typically used in bridge decks across the State of Indiana.  The mix design is 
provided in Table 3.4.  The second type of concrete, which was also obtained from IMI, 
was a lower shrinkage mix and was designed as previously discussed to exhibit lower 
shrinkage relative to that typically observed for Class C concrete.  This mix was designed 
to reduce shrinkage primarily through a reduction in cement content which also reduced 
water demand.  In addition, fly ash was included to assist in the reduction of shrinkage. 
Crushed stone aggregate (3/4 in.), consistent with the Class C Concrete, was selected.  
However, sand content was increased to reduce void space.  The mix was designed with a 
target concrete compressive strength of 4500 psi and 6% air.  The low shrinkage mix 
design is also provided in Table 3.4. 
 
Table 3.4: Concrete mix proportions (amount per cubic yard) 
 
Material INDOT Class C  
Low Shrinkage 
Mix 
Portland Cement (Type I) 658 lbs 440 lbs 
Fly Ash (Class C) 0  100 lbs 
Water 273 lbs 220 lbs 
#8 Stone 1796 lbs 1816 lbs 
#23 Sand 1222 lbs 1398 lbs 
Micro Air 4.0 oz 3.3 oz 
Glenium 3030 13.3 oz 11.0 oz 
Target air content 6% 7% 
Slump 6 in. 4 in. 
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 Standard 6-in. by 12-in. cylinder specimens were cast along with the curing 
specimens at the time of the concrete pour.  The cylinders were continuously wet cured 
until the time of testing, which occurred at 7, 14, 21, and 28 days.  The strength gain for 
both types of concrete is shown in Figure 3.6.  Despite the lower cement content, the lower 
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3.5  Specimen Construction 
 
3.5.1  Formwork 
 
The concrete formwork (Figure 3.7) was designed so that all specimens could be cast 
at approximately the same time.  Simultaneous casting was required to minimize potential 
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3.5.2  Testing Frames 
 
In addition to the formwork, testing frames were constructed to hold the specimens 
throughout the duration of the test.  These frames, as shown in Figure 3.8, were built to 
hold two specimens each so that the specimens that were subjected to the same wet curing 
procedure could be stored together.  The specimens were placed in the frames vertically 
and positioned so that the embedment gages measured strains in the vertical direction.  This 
alignment was selected to minimize restraint and provide a uniform exposure surface to 
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3.5.3  Casting 
 
 The shrinkage specimens were cast on August 13, 2007.  The Class C concrete 
specimens were cast first and finishing was completed at approximately 2:15 PM.  The low 
shrinkage specimens were cast immediately afterwards and were finished at approximately 











































Note: All times are P.M. on August 13, 2007
Figure 3.9: Concrete casting timeline 
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 The concrete was delivered to the formwork directly from the truck using the 
truck’s chute and subsequently vibrated.  During vibration, the sensors were inserted by 
hand and properly aligned (Figure 3.10).  The specimens were hand screeded and finished 
using a float.  Approximately one hour after finishing, they were covered with wet burlap 
and plastic sheeting to initiate the wet curing process. 
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3.6  Test Procedure 
 
 After the specimens were cast, varying curing duration and procedures were 
implemented to investigate their effect on shrinkage.   
 
3.6.1  Curing Procedure 
 
 Twenty total specimens were constructed, ten of INDOT Class C concrete and ten 
of the low-shrinkage concrete.  All twenty specimens were wet cured for the first 24 hours 
in the concrete formwork.  Wet curing was accomplished by placing wet burlap over the 
specimens and re-wetting the burlap as needed.  After 24 hours, the formwork was 
removed and the specimens were placed vertically in testing frames and re-covered with 
wet burlap, continuing the wet cure.  When wet curing was finished according to the testing 
schedule, the burlap was removed, and the specimens were placed in a humidity-controlled 
room, with the relative humidity set at 50%. 
 As designed, the first eight sets of specimens were subjected to continuous wet 
curing of varying durations as provided in Table 3.1.  The final two sets of specimens were 
subjected to variable wet curing.  Timelines of these procedures are presented in Figure 3.2 
and Figure 3.3. 
 At 28 days, the last set of specimens was placed in the humidity-controlled room 
(Figure 3.11) and permitted to cure over an extended period of time.  Humidity was 
monitored to maintain 50% RH throughout the duration of testing.  
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Figure 3.11: Humidity-controlled room 
 
 
3.6.2  Data Collection 
 
 A Campbell Scientific CR10X Datalogger was used to collect data during the test. 
Four AM16/32 Multiplexers were connected to the CR10X Datalogger to increase the 
number of sensors that could be used.  The CR10X Datalogger was programmed by 
connecting it to the laboratory laptop and using MultiLogger software.  The system began 
collecting data prior to the concrete pour to ensure that the program was running properly 
and to zero the strain gages.  The thermocouples and humidity gages did not require 
zeroing, as they directly read temperature and humidity, respectively.  During the first two 
weeks after the concrete was cast, the CR10X collected data every 15 minutes.  Data was 
downloaded and examined approximately once every day to ensure that the gages were 
reading correctly and that the system was operating properly.  After the first two weeks, the 
CR10X was reprogrammed to collect data once every hour. 
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3.6.2.1  Strain Gages 
 

























where:   Vout = Voltage Output (mV) 
  Vout0 = Voltage Output at zero strain (mV) 
  Vex = Excitation Voltage (V) 
  GF = Gage Factor = 2.06 
 
3.6.2.2  Humidity Sensors 
 
 The humidity was measured by exciting the sensor with 5 Volts and measuring the 
output voltage. These values were then related to relative humidity using the following 
relationship: 
)16.0)(*0062.0(*  SensorRHVV exciteout  
 
where:   Vout = Voltage Output 
 Vexcite = Excitation Voltage (Voltage Input) = 5 V 
  Sensor RH = Relative Humidity (%) 
3.6.2.3  Thermocouples 
 
 The Campbell Scientific 107-L Temperature Probe measured the ambient 
temperature at the location of the datalogger.  Temperatures relative to the temperature 
probe were then measured by the thermocouples located in the specimens.  No subsequent 
calculations were required. 
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3.7  Results 
 
 Shrinkage and temperature data measured during testing revealed important 
information about the effect of curing duration and procedure.  The data was analyzed to 
determine the general shrinkage behavior and investigate how varying curing duration, 
curing procedure, and concrete mix proportions affect bridge deck shrinkage.  Furthermore, 
the data was evaluated to determine whether the embedded sensors have potential for use 
as curing measurement devices.   
 
3.7.1  Shrinkage Behavior 
 
 A consistent shrinkage behavior can be observed in all specimens despite the 
varying durations of wet cure.  For all specimens, an initial swelling was observed, likely 
due to thermal expansion during hydration, as elevated temperatures caused an expansion 
of the concrete.  This relationship is evident in comparing the internal temperature of the 
specimens with their early age shrinkage (Figure 3.12).   
 Following the initial swelling, significant shrinkage lasting approximately two days 
was observed.  It is likely that some of these strains are due to early age autogeneous 
shrinkage along with a small amount of unavoidable plastic and drying shrinkage.  
However, a majority of this strain is likely due to thermal volumetric change.  As the 
internal temperature dropped after the peak hydration temperature was reached, the overall 
volume of the concrete decreased.   
 The scatter of strains measured at their peak (corresponding approximately to peak 
hydration temperature) is commonly observed in this type of gage.  Until the gage adheres 
fully to the concrete, variations in strain are common.  It is assumed that the gages became 
fully adhered at the peak strain.  Therefore, all shrinkage plots were zeroed at the time of  
the peak strain which occurred at approximately 12 hours after casting.  Early age strain 
plots for all continuously wet cured specimens are presented in Figure 3.13. 
   
 

















































































b) Low shrinkage concrete 
 





















































b) Low shrinkage concrete 
Figure 3.13: Early age shrinkage behavior 
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 The peak temperature was 133.5° F for the Class C concrete and 105.0° F for the 
low shrinkage mix.  The lower peak hydration temperature exhibited by the low shrinkage 
mix, due to the decreased cement content, lead to less thermal swelling and subsequent 
thermal contraction.  Measured shrinkage after 48 hours, which is largely the amount of 
thermal shrinkage, is provided in Table 3.5.  The average thermal shrinkage was -89.1 µε 
for the Class C concrete and -50.9 µε for the low shrinkage mix (excluding Specimen LS-7 
which experienced a gage malfunction). 
 Gage malfunction, characterized by sharp jumps in measured strain, occurred 
frequently in all specimens but was extreme in specimens C-28, LS-7, LS-10, LS-21, and 
LS-28.  These jumps occurred during the period of wet cure, indicating that the cause was 
likely the high water content of the concrete during the periods.  During drying, the jumps 
were much less frequent and severe.  Because of these malfunctions, shrinkage data during 
wet curing for the above specimens cannot be considered accurate.  However, general 
trends during wet curing can be observed and trusted.  In addition, shrinkage data during 
drying is likely to be accurate.  
 Following the initial high-rate of shrinkage, the shrinkage leveled off during wet 
curing.  During this time, the internal temperatures of the specimens leveled off as well.  
Relatively low shrinkage strains were measured from Day 2 through the end of the wet cure 
duration.  Shrinkage strains measured from 48 hours through the end of the specified wet 
cure duration are presented in Table 3.6.  This shrinkage behavior is clearly visible in the 
strains measured for Specimen C-7, which is shown in Figure 3.14.  During the first 12 
hours, there is a rapid expansion due to the thermal effects of hydration.  Between 12 and 
48 hours, a rapid volumetric shrinkage due to cooling after peak hydration is observed, as 
well as some minor effects of drying shrinkage.  After approximately 48 hours, the 
shrinkage levels off.  This period extends until the end of wet cure, at which point drying 
shrinkage is initiated.  The rate of shrinkage is initially fairly rapid and decreases over time.  
A similar shrinkage pattern was observed in the other continuous wet cure specimens.  
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Class C Low shrinkage 
1 -78.0 -61.7 
3 -81.3 -52.2 
5 -96.6 -59.7 
7 -92.0 -122.0 
10 -87.4 -38.0 
14 -96.8 -55.9 
21 -88.1 -37.8 
28 -92.8 -56.7 
Average -89.1 -50.9* 
  *Excludes Specimen LS-7 
 






Class C Low shrinkage 
1 - - 
3 -3.9 -5.3 
5 -14.2 -11.9 
7 -6.0 -102.4 
10 -24.4 -47.4 
14 -24.2 -29.3 
21 0.0 -61.3 
28 -19.7 -18.4 
Average -13.2 -31.0* 
 *Excludes Specimen LS-7 


















































































b) Low shrinkage concrete 
Figure 3.15: Shrinkage behavior through 240 days 
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 The general shrinkage behavior can also be observed in plots of the rate of 
shrinkage.  The rate of shrinkage was determined by computing the slope of the shrinkage 
and averaging the slopes over a 6-hour period.  Figure 3.16 provides a plot comparing the 
rate of shrinkage of Specimen C-1 and C-7.  The initial rate of shrinkage of both specimens 
is very high but decreased rapidly, reaching a slope of approximately -20 µε/day at 24 
hours. At this point, the rate of shrinkage of Specimen C-1 slowly decreased, reaching a 
rate of approximately -9 µε/day after 7 days of drying (Day 8).  The rate of shrinkage of 
Specimen C-7 continued to decrease rapidly, finally reaching a rate of shrinkage of zero at 
approximately 90 hours.  Throughout the duration of wet cure, the rate of shrinkage of 
Specimen C-7 varies, but remains within a range of -7.5 to +4 µε/day, indicating very little 
shrinkage occurred during this period.  At Day 7, Specimen C-7 exhibited rapid shrinkage, 
reaching a maximum rate of shrinkage of -22.3 µε/day shortly after the end of wet curing.  
During drying, Specimen C-7 exhibited behavior similar to C-1, shrinking at a rate of 






























Figure 3.16: Rate of shrinkage, C-1 and C-7 
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3.7.2  Effect of Curing Duration 
 
 Continuous wet curing was very effective in delaying the onset of drying shrinkage.  
After the initial thermal shrinkage, shrinkage strains were minimal until the end of the wet 
curing period.  Shrinkage strains from Day 2 through the end of the wet curing period are 
shown in Table 3.6.  The strains during this period were small as well as similar regardless 
of the duration of wet cure.  It is clear that increasing the duration of wet cure delayed the 
onset of drying shrinkage.   
 To compare the drying shrinkage behavior of the specimens, the strain plots were 
zeroed at the end of the specified wet curing duration.  Figure 3.17 presents the shrinkage 
behavior of each specimen in the 210 days following the end of wet curing.   Shrinkage 
values at 210 days after the end of wet cure are shown in Table 3.7.   
 Some correlation can be seen between wet curing duration and shrinkage measured 
at 210 days after the end of wet cure.  Figure 3.18 presents shrinkage for all continuously 
cured specimens at 210 days after the end of wet cure.  There is a general trend 
demonstrating that longer curing duration leads to a decrease in shrinkage at 210 days after 
the end of wet cure.  In the case of the Class C concrete, the 1 day wet cure specimens 
exhibited the most shrinkage while the 28 day wet cure specimens exhibited the least.  
 Similarly, specimen LS-1 exhibited the most shrinkage at 210 days after the end of 
wet curing among the low shrinkage mix specimens, followed by Specimen LS-3 and 
Specimen LS-5.  The rest of the low shrinkage specimens did not follow this trend but 
























































b) Low shrinkage concrete 
Figure 3.17: Shrinkage behavior after the end of wet curing 
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Class C Low shrinkage 
1 -376.7 -327.6 
3 -331.1 -301.1 
5 -366.4 -279.2 
7 -362.3 -228.6 
10 -356.6 -232.1 
14 -309.1 -258.0 
21 -333.9 -234.8 
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a) Low shrinkage mix 
 
 
Figure 3.18: Shrinkage at 210 days after the end of wet cure 
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3.7.3  Effect of Curing Procedure 
 
 Two variable curing procedures were implemented in addition to the continuous 
curing procedure to determine their effect on concrete shrinkage.  These variable curing 
procedures are shown in Figure 3.2 and Figure 3.3.   
 The Variable Cure 1 procedure consisted of alternating wet cure periods with 
periods of drying.  This cycling lasted for a total of 9 days; therefore, Variable Cure 1 
specimens were compared to C-10 and LS-10 specimens (no 9 day continuous wet cure 
was implemented).  Early age shrinkage plots for both Class C concrete and the low 
shrinkage mix are shown in Figure 3.19 and Figure 3.20.  A summary of shrinkage at 10 
and 240 days can be found in Table 3.8.   
 Specimen C-V1 demonstrated more shrinkage than Specimen C-10, as was 
expected.  This difference was due to the periods of drying during which the specimen 
began to shrink at a rapid rate.  Shrinkage of Specimen C-V1 decreased during periods of 
wet-curing and increased during periods of drying.  At 10 days, Specimen C-V1 had 
experienced 62.8 µε more shrinkage than Specimen C-10.  At 240 days, Specimen C-V1 
continued to show a higher amount of shrinkage than Specimen C-10.  However, the 
difference in shrinkage strains had decreased to 30.6 µε.  This demonstrates that, despite 
exhibiting more early-age shrinkage due to drying periods, Specimens C-10 and C-V1 
would likely experience a similar ultimate shrinkage.   
 The low shrinkage specimens (LS-V1 and LS-10) exhibited a different behavior.  
As in the case of the Class C specimens, Specimen LS-V1 experienced more rapid 
shrinkage during the first 10 days during the alternating wet curing and drying periods.  
After 10 days, Specimen LS-V1 had experienced 45.8 µε more shrinkage than Specimen 
LS-10.  At 240 days, this shrinkage difference had increased to 61.0 µε.  However, this data 














































b) Total shrinkage 
Figure 3.19: Variable Cure 1, Class C concrete 
 













































b) Total shrinkage 
Figure 3.20: Variable Cure 1, Low shrinkage mix 
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Variable 1 -174.6 -131.2 -491.5 -375.2 
10 day wet cure -111.8 -85.4 -461.0 -314.2 
  
 
 The Variable Cure 2 procedure involved an initial wetting of burlap, as was 
performed with all continuous wet curing specimens.  However, the burlap was not re-
wetted as needed, and instead allowed to dry for a period of 14 days before removal; 
therefore, Variable Cure 2 specimens were compared to C-14 and LS-14 specimens.  Early 
age shrinkage plots for these specimens can be seen in Figure 3.21 and Figure 3.22.  A 
summary of shrinkage after 14 days and shrinkage at 240 days can be found in Table 3.9.   
 After 48 hours, following the expansion and shrinkage due to thermal effects, 
higher shrinkage could already be observed in Specimen C-V2 than Specimen C-14.  From 
Day 2 through Day 14, the variable curing procedure produced a steady shrinkage in 
Specimen C-V2 while Specimen C-14 underwent much reduced shrinkage during the wet 
curing period.  At Day 14, Specimen C-V2 exhibited 81.6 µε more shrinkage than 
Specimen C-14.  By Day 240, this shrinkage difference had decreased to 50.9 µε, 
indicating a convergence in shrinkage strains.  
 The low shrinkage concrete specimens exhibited a different early age behavior as 
Specimen LS-14 demonstrated more shrinkage than Specimen LS-V2 after 48 hours.  
Through 14 days, Specimen LS-14 underwent very little shrinkage, while Specimen LS-V2 
demonstrated higher shrinkage.  After 14 days, Specimen C-V2 exhibited 41.5 µε more 


















































b) Total shrinkage 
Figure 3.21: Variable Cure 2, Class C concrete 
 















































b) Total shrinkage 
Figure 3.22: Variable Cure 2, Low shrinkage mix 
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Variable 2 -202.6 -126.6 -484.0 -352.5 
14 day wet cure -121.0 -85.1 -433.1 -339.8 
 
 
3.7.4  Effect of Concrete Mix 
 
 The same set of curing durations and procedures was applied to both INDOT Class 
C and low shrinkage concrete specimens to determine the influence of the concrete mix on 
free shrinkage.  A full set of plots comparing each pair of specimens is presented in Figure 
3.23.   
 Several differences in behavior were noted.  As previously discussed, initial 
swelling due to the heat of hydration was less in the low shrinkage specimens.  At 48 days, 
an average of 38.2 µε less shrinkage was measured in the low shrinkage specimens than the 
Class C specimens.  The internal temperature during heat of hydration was also lower in 
the low shrinkage mix, with an average peak temperature 105.0°F compared to 133.5°F in 
the Class C specimens.  This reduction in temperature can be beneficial, as it will decrease 
the differential temperature between the deck and the girders, especially in a steel 
superstructure.  In addition, it will decrease the thermal shrinkage as the internal 
temperature of the concrete drops from its peak to the ambient temperature. 
 The Class C concrete mix exhibited higher average shrinkage strains for all cases 
considered, including thermal shrinkage, shrinkage after the end of wet cure, and total 
shrinkage.  A summary of shrinkage values, measured at 240 days, and the difference in 
shrinkage at this time is presented in Table 3.10.  A bar graph presenting shrinkage at 240 
days is presented in Figure 3.24.  An average of 109.7 µε less shrinkage was measured in 
the low shrinkage specimens than the Class C specimens at 240 days. This corresponds 
with an an approximate 25% reduction in total shrinkage.   
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 In addition, the shrinkage of the low shrinkage specimens was observed to have 
leveled off more significantly than the Class C specimens at 240 days.  The Class C 
specimens averaged -11.1 µε of shrinkage from Day 200 through Day 240, while the low 
shrinkage specimens average -4.1 µε of shrinkage over the same period.  Complete 
shrinkage data from Day 200 through Day 240 is presented in Table 3.11.  This result 
indicates that, while the low shrinkage specimens had already undergone most of their 
ultimate shrinkage by Day 240, it appears that the Class C specimens will continue to 




























































b) 3 day wet cure 
 
Figure 3.23: Influence of concrete mix on shrinkage 
 

















































d) 7 day wet cure 
 
Figure 3.23 (continued): Influence of concrete mix on shrinkage 
 
















































f) 14 day wet cure 
 
Figure 3.23 (continued): Influence of concrete mix on shrinkage 
 

















































h) 28 day wet cure 
 
Figure 3.23 (continued): Influence of concrete mix on shrinkage 
 

















































j) Variable Cure 2 
 
Figure 3.23 (continued): Influence of concrete mix on shrinkage 
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Class C Low shrinkage Difference 
1 -412.4 -342.1 -70.3 
3 -427.3 -357.3 -70.0 
5 -482.4 -351.1 -131.4 
7 -465.6 -333.3 -132.4 
10 -471.1 -315.8 -155.3 
14 -433.1 -339.8 -93.3 
21 -424.8 -323.1 -101.7 
28 -412.4 -322.5 -89.9 
Variable 1 -501.9 -381.0 -120.9 
Variable 2 -484.0 -352.5 -131.5 
Average -451.5 -341.9 -109.7 
 





Class C Low shrinkage 
1 -11.2 -2.2 
3 -13.1 -2.8 
5 -11.6 -3.6 
7 -10.4 1.8 
10 -10.2 -1.6 
14 -11.8 -8.9 
21 -9.6 -5.3 
28 -13.8 -7.1 
Variable 1 -10.4 -5.8 
Variable 2 -8.7 -5.7 
Average -11.1 -4.1 
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Low shrinkage mix 
 
 
Figure 3.24: Shrinkage at 240 days 
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3.7.5  Curing Measurement Device 
 
 Three types of sensors were installed in the variable curing specimens to evaluate 
whether any of them could be used as a curing measurement device.  Embedment strain 
gages and thermocouples were placed in all specimens while humidity sensors were placed 
in the variable curing and the 7 day wet cure specimens.  
 
3.7.5.1  Embedment Strain Gages 
 
 The embedment strain gages demonstrated some potential to monitor the curing 
procedures.  Comparing the strains of the variable cure specimens to those of the 
continuously wet cured specimens demonstrated the differences in behavior.  Increased 
shrinkage was evident in the variable cure specimens when compared to the corresponding 
continuous wet cure specimens.  In addition, the rate of shrinkage changed considerably 
during periods of wet curing.   
 All specimens exhibited a similar general behavior.  During wet curing, the rate of 
shrinkage varied but was approximately zero (Figure 3.25) .  At the end of wet curing, there 
was an initial rapid shrinkage which eventually leveled off at approximately 5 days after 
the end of wet curing.  For the Class C specimens, the maximum rate of shrinkage was 
approximately -22.5 µε/day which occurred at approximately 6 hours after the end of wet 
curing.  The low shrinkage specimens demonstrated more variation but had an average 
maximum shrinkage rate of approximately -13 µε/day 6 hours after the end of wet curing.  
The specimens also exhibited a similar rate of shrinkage behavior after the end of wet cure 
regardless of curing duration.  Figure 3.26, which presents shrinkage behavior of the Class 
C specimens zeroed at 24 hours before the end of wet cure, demonstrates the consistent 
shrinkage behavior of all specimens.    
   
 
 












































Note: Specimens C-21 and 
C-28 not included.
 






































Note: Specimens LS-7, LS
10, LS-21, and LS-28 not 
included.
 
Low shrinkage mix 
 
Figure 3.25: Rate of shrinkage 
 




























Note: Specimens C-21 
and C-28 not included.
 
Figure 3.26: Rate of shrinkage (zeroed 1 day before end of wet cure) 
 
 
 The variable cure specimens were implemented to investigate whether the curing 
measurement devices could effectively monitor irregular curing procedures.  Figure 3.27 
and Figure 3.28 present the early age slope of shrinkage of all variable cure specimens.  
The Variable Cure 1 specimens, which underwent alternating wet curing and drying 
periods, exhibited a higher rate of shrinkage during drying periods.  When wet curing was 
resumed, the rate of shrinkage decreased dramatically and returned to approximately zero.  
The Variable Cure 2 specimens, which were initially wet cured but not rewet, showed a 







































































b) Low shrinkage mix 
 
Figure 3.27: Rate of shrinkage, Variable Cure 1  
 






















































b) Low shrinkage mix 
 
Figure 3.28: Rate of shrinkage, Variable Cure 2  
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3.7.5.2  Relative Humidity Sensors 
 
 Considering previous research regarding humidity sensors in concrete (Grasley and 
Lange 2004), it was expected that the internal humidity would provide a correlation to the 
curing procedure.  However, the data collected from the humidity sensors yielded no 
beneficial data.  This is likely due to an error in the fabrication of the sensor protection 
system or a sensor malfunction due to 100% RH.  
 The humidity gages were tested relative to an ambient humidity gage and were 
shown to be accurate prior to the casting.  The ambient humidity in the laboratory was 
approximately 52%, which was read accurately by the sensors immediately prior to placing 
the concrete.  When the specimens were wet-curing, it was expected that the internal 
relative humidity would be close to 100%.   Due to inaccuracies in the sensor at humidities 
above 95%, the sensor was not expected to provide accurate measurements.  Rather, it 
would only indicate humidities above 95%.  Indeed, the sensors read humidities as high as 
132%, a reading that indicated a high relative humidity of greater than 95%.  Once the wet 
curing period ended and the specimen began to dry out, it was expected that the sensor 
would indicate a decreasing internal relative humidity.  However, the sensors continued to 
indicate very high humidities, well above 100%, for a considerable number of days beyond 
the end of wet curing.  In fact, the first humidity gage to read below 100% relative 
humidity was in Specimen LS-V1, occurring at approximately 51 days.  All other 
specimens continued to read relative humidities about 100% even after 160 days.  
 It appears that the humidity gages underwent an event during or shortly after 
placement of the concrete that affected all future readings.  One possible explanation is that 
the GoreTex patch detached during the pour and allowed liquids or solids to damage the 
sensor.  Another possible reason for the failure of the sensors is that the concrete hardened 
around the GoreTex patch, blocking moisture vapors from flowing through the patch.  The 
high humidity air would then be trapped within the plastic protection case, producing very 
high humidity readings even as the concrete around it was drying out.  Future research is 
recommended on the use of humidity sensors as a humidity monitoring device.  
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3.7.5.3  Thermocouples 
 
 The data collected from the thermocouples demonstrated some potential insight 
regarding the curing procedure based on the difference between the ambient temperature 
and the temperature of the water used to wet cure.   
 During the first day of wet curing, all of the specimens had very high internal 
temperatures due to the heat of hydration.  After 32 hours, the temperature of all of the 
specimens dropped to approximately 78˚ F.  At this time, the burlap had been removed 
from Specimens C-1, LS-1, C-V1, and LS-V1, and they remained at this temperature, 
approximately matching the ambient temperature.  The internal temperature of the other 
specimens continued to drop until reaching approximately 72˚ F.  This temperature was 
maintained whenever the wet burlap was covering the specimens. When the burlap was 
removed, the temperature rose to approximately 78˚ F.  The internal temperatures for all 
specimens are provided in Figure 3.29.  A jump in internal temperature, from 72˚ to 78˚ F 
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Figure 3.29: Internal temperature, continuously wet cured specimens 
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 When analyzing the internal temperature change in the Variable Cure-1 specimens 
(Figure 3.30), which underwent periods of wet cure followed by drying periods, the 
thermal behavior can be clearly seen.  Periods of wet curing can be observed from Day 3 to 
Day 5 and Day 7 to Day 9 during which the temperature drops to between 70˚ F and 72˚ F.  
Periods of drying can be observed from Day 1 to Day 3, Day 5 to Day 7, and after Day 9, 








































Figure 3.30: Internal temperature, Variable Cure 1 specimens 
 
  
 There is less of a correlation between Variable Cure Procedure 2 and internal 
temperature.  As shown in Figure 3.31, the internal temperature of the specimens remains 
low despite the improper curing regimen.  The presence of the burlap likely depressed the 
temperature of Specimens C-V2 and LS-V2 despite not being rewet.  However, at 
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approximately Day 8, there is a drop in the internal temperature of Specimens C-14 and 
LS-14 which is not observed in Specimens C-V2 and LS-V2.  This temperature change is 
likely due to a decrease in the water temperature used during rewetting, demonstrating the 
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3.8  Long Term Results 
 
 Specimens were monitored beyond 240 days to evaluate the long term shrinkage 
behavior of concrete at Day 550. The measurements were compared between the 
corresponding specimens to evaluate and identify how the effects of different curing 
durations, curing procedures, and concrete mixes affect the long term shrinkage of the 
concrete deck.  
  
3.8.1  Shrinkage Behavior 
 
 The long term shrinkage behavior confirms the trend that was observed at 
approximately 240 days, when the shrinkage started to level off.  After approximately 260 
days, the rate of shrinkage had decreased almost completely.  From this point onward, 
small strain fluctuations of around ±50 µε were noticed.  As shown in Figure 3. and Figure 
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a) Relative humidity comparison 
 
 
b) Temperature comparison 
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c) Relative humidity comparison 
 
d) Temperature comparison 
Figure 3.33: Shrinkage behavior through 545 days (Low shrinkage concrete) 
Relative Humidity 
 Temperature 
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The small strain variations that occurred after 260 days are primarily due to 
temperature and humidity changes during this period of time.  Unfortunately, the 
temperature of the specimens during this period is undefined since the embedded 
thermocouples stopped recording data after 210 days.  The room temperature and ambient 
relative humidity was used to evaluate the shrinkage behavior as illustrated in Figure 3.32 
and Figure 3.33.  Considering that concrete undergoes volume changes when subjected to 
temperature variations, the shrinkage plateau observed between Days 300 and 390 is likely 
caused by the response of the concrete to the corresponding increases in temperature and 
humidity.   
Around Day 300, a small increase of about +15 µε was likely caused by a higher 
temperature strain rate than the shrinkage strain rate. When the temperature decreased at 
approximately Day 390, the concrete exhibited a strain reduction of -30 µε that includes the 
thermal effects and the shrinkage strain increase. Throughout this time interval, the strain 
was also influenced by the fluctuations in ambient humidity. 
The slope of strain or rate of shrinkage provides a clear interpretation of the long 
term shrinkage behavior.  A comparison of the rate of shrinkage for Specimen C-1 and C-7 
is shown in Figure 3.34.  The plot reveals a similar overall behavior for the specimens. 
They both reached zero around Day 260 and oscillated afterwards between ±2 µε/day until 
the last day recorded. These values demonstrate, once again, that the shrinkage essentially 
leveled off after 260 days.  
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Figure 3.34: Rate of shrinkage, C-1 and C-7 
 
 
3.8.2  Effect of Curing Duration 
 
The same effect of curing duration on the shrinkage of the specimens was observed 
in comparing the results on Day 210 and Day 518.  This similarity is due to the shrinkage 
rate behavior, which remained closed to zero after 260 days (Figure 3.).  Figure 3.35 
provides evidence of the behavior after the end of wet curing of specimens with different 
curing durations.  The shrinkage strains at 518 days after the end of wet curing are listed in 
Table 3.12.  In general, specimens with shorter curing durations underwent more shrinkage 
than specimens with longer durations with a few exceptions as shown in Figure 3.36.  For 
instance, the shrinkage strain of Specimen C-1 was of -406.9 µε while a lower value of       
-318.7 µε was obtained for Specimen C-28. When comparing the order of the specimens 
with respect to their shrinkage values at Day 210 (Figure 3.18) and Day 518, it can be 
observed that only LS-7 changes its position due to a shrinkage increase of 32 µε.  The 
reduction in shrinkage obtained from the increased curing duration is not a short term 
phenomenon. These results indicate the reduction remains for the life of the concrete and 
for the mixes tested, a difference of approximately 100 µε was observed in extending the 
curing duration from 1 day to 28 days which is approximately a 25% shrinkage decrease. 
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a) Class C concrete 
 
a) Low shrinkage concrete 
 
Figure 3.35: Shrinkage at 518 days after the end of wet cure 
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1 -406.9 -332.8 
3 -348.5 -315.9 
5 -393.4 -284.8 
7 -387.0 -260.3 
10 -371.5 -234.1 
14 -324.8 -258.1 
21 -349.3 -256.3 
28 -318.7 -264.1 
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a) Class C concrete 
 
b) Low shrinkage concrete 
 
Figure 3.36: Shrinkage at 518 days after the end of wet cure 
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3.8.3  Effect of Curing Procedure 
 
Two variable curing specimens were considered to determine how the curing 
procedure employed affects long term shrinkage.  As previously discussed, Variable Cure 1 
involved a procedure of alternating wet curing periods which lasted 9 days while Variable 
Cure 2 provided an initial wetting of burlap followed by a dry period prior to removal of 
the burlap at 14 days.  Table 3.13 compares the shrinkage strains for Variable Cure 1 and 
Specimen C-10 at 10 and 545 days.  As shown in Figure 3., analysis of the results at 240 
days had indicated that the shrinkage difference between Specimens C-10 and C-V1 
decreased from -62.8 µε at 10 days to -30.6 µε at 240 days.  At 545 days, the difference 
increased to -41.6 µε.  As a result, the expected convergence of strains did not occur; 
instead, an increase of 11.0 µε was revealed.  The difference between Specimens LS-10 
and LS-V1 also increased in this period. 
The difference in strains between Variable Cure 2 and Specimen C-14 was also 
evaluated. Table 3.14 presents the data for this case and Figure 3. reveals the trend for the 
different days. The estimated difference between C-V2 and C-14 decreased from           -
81.6 µε at 14 days to -38.7 µε at 545 days.  Although this difference reduction implies a 
future convergence, it is difficult to extrapolate this trend because the strains had already 
leveled off as illustrated in the overall shrinkage behavior.  The difference calculated from 
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Table 3.13: Variable Cure 1 shrinkage 
Curing 
Duration 
Strain at 10 days (µε) Strain at 545 days (µε) 
Class C Low shrinkage Class C Low shrinkage
Variable Cure 1 -174.6 -131.2 -516.2 -390.2 
10 day wet cure -111.8 -85.4 -474.6 -315.8 
Difference -62.8 -45.8 -41.6 -74.4 
 
Table 3.14: Variable Cure 2 shrinkage 
Curing 
Duration 
Strain at 14 days (µε) Strain at 545 days (µε) 
Class C Low shrinkage Class C Low shrinkage
Variable Cure 2 -202.6 -126.6 -474.7 -366.4 
14 day wet cure -121.0 -85.1 -436.1 -350.4 
Difference  -81.6 -41.5 -38.7 -16.1 
 
 
         
              a)  10 Day wet cure – Variable 1                 b) 14 Day wet cure – Variable 2 
Figure 3.37: Shrinkage Difference 
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3.8.4  Effect of Concrete Mix 
 
Measurements from both INDOT Class C and low shrinkage concrete specimens 
were analyzed at 545 days to evaluate how the concrete mix design contributes to long term 
shrinkage.  Figure 3.38 indicates the total shrinkage exhibited by both concrete mixes at 
545 days.  Higher strains were noted in Class C specimens than the low shrinkage concrete 
specimens.  The average difference was calculated to be 106.2 µε or 23% of Class C 
average strain according to Table 3.15. 
Again, the shrinkage of both mixes appeared to have leveled off considerably at 
240 days according to shrinkage variations between Day 545 and Day 240 shown in Table 
3.16.  Class C specimens averaged -6.8 µε from Day 240 through Day 545 while the low 
shrinkage specimens average -10.3 µε over the same period of time. This result indicates 
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a) Class C concrete 
 
b) Low shrinkage concrete 
Figure 3.38: Total shrinkage at 545 days 
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1 -424.5 -345.5 -79.0 
3 -426.8 -369.7 -57.0 
5 -494.3 -352.9  -141.4 
7 -478.1 -351.0  -127.1 
10 -474.6 -315.8 -159.8 
14 -436.1 -350.4 -86.7 
21 -433.1 -341.5 -92.6 
28 -425.2 -338.5 -87.7 
Variable 1 -516.2 -390.2 -126.0 
Variable 2 -474.7  -366.4 -108.3 
Average -458.3  -352.2 -106.2 
 





























1 -12.1 -3.4 
3 0.5 -12.4 
5 -11.9 -1.8 
7 -12.5 -17.7 
10 -3.5 0.0 
14 -3.0 -10.6 
21 -8.3 -18.4 
28 -12.8 -16.0 
Variable 1 -14.3 -9.2 
Variable 2 9.3 -13.9 
Average -6.8 -10.3 
  126  
3.9  Summary 
 
 A laboratory investigation was conducted to investigate the effect of curing 
duration, curing procedure, and concrete mix design on shrinkage.  A series of varying wet 
curing durations and procedures were applied to concrete specimens constructed from both 
INDOT Class C concrete and a low cement content concrete mix.  The shrinkage behavior 
exhibited by the specimens revealed the following trends: 
 
1. All specimens experienced thermal expansion during the first 12 hours after 
casting and a rapid thermal shrinkage lasting until approximately 48 hours after 
casting. 
2. The Class C concrete specimens experienced a higher peak hydration 
temperature, higher thermal expansion, and higher thermal shrinkage than the 
low cement content concrete specimens. 
3. Little shrinkage was observed in all specimens from 48 hours after casting 
through the end of continuous wet curing. 
4. Similar behavior at the end of wet cure was observed in all specimens 
regardless of wet curing duration.  The initial rate of shrinkage was high (-22.5 
µε/day for Class C, -13 µε/day for the low shrinkage mix).  At 7 days after the 
end of wet cure, the rate of shrinkage had leveled off (-9 µε/day for Class C 
concrete, -4 µε/day for the low shrinkage mix).   
5. Increased wet curing duration generally produced less shrinkage at both 210 
and 518 days after the end of wet cure. 
6. The Class C concrete specimens exhibited more drying shrinkage than the low 
cement content concrete specimens regardless of wet curing duration or 
procedure. 
7. Improper curing procedures, including cycles of wet curing and drying and 
curing without rewetting the burlap, produced more shrinkage than continuous 
wet curing. 
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8. All specimens were still shrinking 210 days after the end of wet cure.  The 
majority of shrinkage was measured by 260 days with a very low rate observed 
following this time period.    
9. The Class C concrete specimens exhibited a higher rate of shrinkage at both 
210 and 518 days after the end of wet cure than low cement content concrete 
specimens. 
  
 Three sensors were evaluated as potential curing measurement devices, including 
embedment strain gages, humidity sensors, and thermocouples.  An analysis of the data 
from these sensors produced the following results: 
 
1. Embedment strain gages demonstrated potential for use as a curing 
measurement device.  Because the rate of shrinkage during the period of wet 
cure varied but was approximately zero, shrinkage lasting more than a few 
hours indicates drying, and therefore improper wet curing.   
2. The humidity gages did not function properly in the test, likely due to an 
inadequate protection system.  Future testing relating internal relative humidity 
of the concrete to the curing procedure should be conducted.   
3. Thermocouples, measuring the internal temperature of the specimens relative to 
the ambient temperature, demonstrated some potential for use as a curing 
measurement device.  During wet cure, the internal temperature of the concrete 
was lower than the ambient temperature, due to water temperatures lower than 
the ambient air temperature.  During drying, the internal temperature of the 
concrete closely matched the ambient air temperature.  Wet curing could be 
monitoring by comparing the internal temperature of the concrete, the 
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3.10  Conclusions 
 
 Continuous wet curing is very effective in delaying the onset of drying shrinkage.  
Restrained shrinkage cracking can be reduced by increasing the duration of wet curing, 
allowing the concrete to develop increased tensile strength prior to the onset of drying 
shrinkage.  Increasing the duration of wet cure duration also decreased the shrinkage at 210 
days after the end of wet cure, although it was unclear at that time whether a decrease in 
ultimate shrinkage would result.  Continued monitoring to 518 days after the end of wet 
cure indicated that the magnitude of the difference essentially was maintained and 
confirmed the importance of wet curing duration.  Continuous wet curing is crucial, as 
improper curing procedures produced an increase in shrinkage during early age when 
tensile strength is low.  Shrinkage can be greatly reduced by using a low cement content 
concrete mix.  This mix decreased the heat of hydration, thermal shrinkage, and ultimate 
shrinkage (by approximately 25%) without significantly decreasing compressive strength 



























4.1  Introduction 
 
 While design and construction procedures can be implemented to minimize bridge 
deck cracking, the elimination of cracking all together is not possible.  More importantly, 
recently developed design and construction procedures will only control the cracking of 
newly constructed bridges.  Therefore, there is a need to develop an effective crack repair 
method.   Proper repair of bridge deck cracking can provide significant functional and 
economic benefits.  
A testing program was designed to evaluate the ability of various crack repair 
techniques to prevent chloride penetration and withstand structural loading.  Specimens 
were designed to represent interior bridge deck sections.  Full depth cracks were then 
introduced and subsequently repaired with different commercially available products.  
After the repair, the specimen was restressed to simulate traffic loading.  Finally, a macro-
cell corrosion test was initiated to investigate the capability of the various products to 
prevent chloride penetration and steel corrosion.  Based on the results, the effectiveness of 
the various products evaluated was assessed. 
 
4.2  Specimen Design 
 
The crack repair specimens were designed to represent an interior section of a 
bridge deck.  An 8 in. thickness was selected as it corresponds with the bridge thickness 
typically used.  The specimen length was chosen as 24 in. to allow for adequate 
development of cracks.  Finally, the width of the specimens was selected as 8 in. to allow 
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4.2.3  Specimen Variables 
 
 The primary variable considered in this test was the type of crack repair.  Based on 
a review of crack repair technologies, it was determined that the most promising repair 
techniques were gravity feed and overlay repairs.  It was desired to test a variety of 
products.  Therefore, both epoxies and methacrylates were selected for inclusion in the 
study as gravity feed repair products to investigate the importance of bond strength in crack 
repair products.  In addition, a non-structural waterproofing sealer was included as a 
gravity feed repair product to investigate the importance of bond strength in crack repair 
products.  While a waterproofer can effectively seal the crack, it has very low bond strength 
and would likely fail during restressing.  Finally, two overlay crack repair systems were 
selected.  A summary of the repair techniques is presented in Figure 4.2.  Each product was 
applied to a set of three specimens to reduce the probability of irregular specimens or other 
factors affecting the test results.  
 A second variable considered was the effect of crack width on corrosion of the 
reinforcement.  For this test, three sets of specimens were left un-repaired.  Target crack 
widths were 0.010 to 0.013 in., 0.016 to 0.020 in., and 0.035 to 0.040 in.  The set with 
crack widths in the range of 0.016 to 0.020 in. also served as the control specimens for the 
repaired specimens.  Again, three specimens were constructed for each target crack width. 
 
 
Figure 4.2: Crack repair techniques 
 
 
Crack Repair Techniques 
Gravity Feed Overlay 
Epoxies Methacrylates Waterproofer 
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4.3  Materials 
 
4.3.1  Concrete 
 
 The concrete used to construct the specimens was INDOT Class C concrete, 
obtained from Irving Materials (IMI), to represent a bridge deck constructed in Indiana.  
Mix proportions are provided in Table 4.1. 
 
 
Table 4.1: Concrete Mix Proportions 
 
Material 
Quantity (per cubic 
yard)  
Portland Cement (Type I) 655 lbs 
Water 235 lbs 
#8 Stone 1785 lbs 
#23 Sand 1262 lbs 
Micro Air 3.3 oz 
Glenium 3030 20.0 oz 
Slump 4 in. 




 Standard 6 by 12 in. cylinder specimens were cast along with the specimens at the 
time of the concrete casting.  The cylinders were continuously wet cured until the time of 




  133 
 
Figure 4.3: Strength gain curve 
 
4.3.2  Reinforcement 
 
 No. 4 steel reinforcing bars were used in all specimens. The bars were obtained 
from the same heat of steel and conformed to ASTM A615 Grade 60.  Strength tests were 
not performed on the reinforcing steel as the intent of the study was corrosion of the 
reinforcement.   
 It should be noted that epoxy coated reinforcement was not used in the test.  While 
epoxy coated reinforcing bars are commonly implemented in bridge decks, the purpose of 
the testing program was to evaluate the effectiveness of the repair products in terms of 
sealing cracks and minimizing corrosion.  Therefore, black reinforcement was used.  This 
testing procedure provides a relative measure of performance of the crack repair 
techniques. 
 
4.3.3  Crack Repair Products 
 
 A variety of crack repair products was selected based on industry research and 
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products are provided in Table 4.2 and Table 4.3.  Manufacturer-provided data sheets for 
all products can be found in Appendix A.  
 
Table 4.2: Gravity feed repair products 
 
Product Name Manufacturer  Repair Type 
SikaPronto 19 TF SIKA Corp. Methacrylate 
Sikadur 55 SLV SIKA Corp. Epoxy 
MARK-127 Poly-Carb Epoxy 
MARK-135 Safe-T-Seal Poly-Carb Epoxy 
Epoxeal GS Structural BASF Epoxy 
Degadeck Crack Sealer Plus BASF Methacrylate 
Enviroseal BASF Waterproofer 
Dural 335 Euclid / Tamms Epoxy 
Dural 50 Euclid / Tamms Epoxy 
Dural 50 LM Euclid / Tamms Epoxy 
SurePoxy HMSLV Kaufman Products Epoxy 
FX-770 HM LV Fox Industries Epoxy 
FX-821 MMA Fox Industries Methacrylate 
Bridge Seal Unitex Chemicals Epoxy 
 
Table 4.3: Overlay repair products 
 
Product Name Company Repair Type 
Mark-163 FlexoGrid Poly-Carb Epoxy Overlay 
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4.5  Specimen Preparation  
 
 Before the macrocell corrosion test could be initiated, the specimens underwent a 
series of preparation stages.  First, cracks were introduced into the specimens through 
direct tension.  The cracks were then repaired using various commercially available 
products.  After repair, the specimens were restresssed to simulate structural traffic loads. 
 
4.5.1  Cracking Procedure 
 
 A loading system was designed to produce uniform tension in the specimens.  An 
overview of this system is provided in Figure 4.5.  Two steel beams were tensioned to the 
laboratory strong floor using a hydraulic ram, and tensioning rods were placed through 
holes drilled in the beam webs.  These rods were then attached to the reinforcing steel, 
which extended 14 in. outside of the specimens, using angled mechanical wedges designed 
to fit #4 reinforcing bars (obtained from Howlett Machine Works).  Specially designed grip 
plates with angled holes were used to hold the wedges and allow them to grip the 
reinforcing steel during tensioning.  This system was designed to ensure that equal tension 
was introduced into all reinforcing bars, producing a full depth crack.  A detail of this 
connection system is shown in Figure 4.6.   
  Load was applied using a hydraulic ram through the use of a hand pump.  First 
cracking occurred at a tensile force between 30 and 35 kips, or an approximate concrete 
tensile stress of 500 psi.  Between one and three additional cracks occurred shortly after 
first cracking, but typically the stressing resulted in a total of three transverse cracks.  The 
force was then increased to produce yielding of the steel reinforcement.  Yielding was 
required to prevent the crack from closing upon release of the tensile force.   
 Specimens were stressed to reach a desired crack width rather than a specific stress, 
and therefore there was some variation in the amount of tensile force applied.  In addition, 
specimens that had only two cracks required less force than those with three or four cracks, 
but generally the cracks reached an adequate width at approximately 60 kips (an 
approximate steel stress of 75 ksi).  Figure 4.7 shows a typical specimen with three full 
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 There was a clear difference between epoxy products and methacrylate products in 
their ability to fill cracks.  Methacrylate products had a much lower viscosity and filled all 
cracks quickly, requiring multiple pretreatment applications.  This performance indicates 
higher crack penetration depths and a more adequate crack repair.  Multiple pretreatments 
of each crack is a labor-intensive process and may be unrealistic for field applications.  
However, the presence of SIP forms may prevent leaking of crack repair product through 
the deck, reducing the number of pretreatements required while allowing the product to 
more adequately repair the crack. Epoxy repair products had a higher viscosity and 
therefore required fewer pretreatment stripes.  However, the product may not have fully 
penetrated the crack, especially in the case of finer cracks.  Overall, the methacrylate 
products were easier to handle and apply but concerns exist about the need for multiple 
pretreatment applications. 
 
4.5.2.2  Overlay Repair Products 
 
 The two overlay repair products were applied using a similar procedure with some 
small differences based on manufacturer recommendations.  First, the specimens were 
cleaned of debris with an air hose.  The product was then mixed in the same manner as the 
gravity feed products and spread evenly across the entire surface of the specimens without 
a pre-stripe application.  After setting for approximately three to five minutes, an aggregate 
material was spread across the surface.  One overlay used a glacial gravel aggregate while 
the other called for silica sand.  After setting for approximately fifteen minutes, the excess 
aggregate was brushed off.  This procedure was repeated to apply a second layer for both 
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Table 4.4: Specimen Details 
Specimen 
Set  
Manufacturer Product Name Repair Type 
1 
BASF 
Epoxeal GS Structural Epoxy 
2 
Degadeck Crack Sealer 
Plus 
Methacrylate 
3 Enviroseal Waterproofer 
4 
Euclid / Tamms 
Dural 335 Epoxy 
5 Dural 50 Epoxy 
6 Dural 50 LM Epoxy 
7 
Fox Industries 
FX-770 HM LV Epoxy 
8 FX-821 MMA Methacrylate 
9 Kaufman Products SurePoxy HMSLV Epoxy 
10 
Poly-Carb 
MARK 127 Epoxy 
11 MARK 135 Safe-T-Seal Epoxy 





SikaPronto 19 TF Methacrylate 
14 Sikadur 55 SLV Epoxy 
15 
Unitex Chemicals 
Bridge Seal Epoxy 
16 Pro-Poxy Type III D.O.T. 
Epoxy 
Overlay 
17 Small Cracks (0.010 to 0.013 in.) None  
18 Medium Cracks (0.016 to 0.020 in.) None 
19 Large Cracks (0.035 to 0.040 in.) None 
20 No Cracks None 
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Mark 163  
M163-1 0.016 0.025 0.013 - 
M163-2 0.016 0.016 0.013 - 
M163-3 0.02 0.02 - - 
Poly-Carb 
Mark 127 
M127-1 0.02 0.025 - - 
M127-2 0.016 0.016 0.016 - 
M127-3 0.025 0.016 - - 
Poly-Carb 
Mark 135 
M135-1 0.01 0.02 0.016 - 
M135-2 0.02 0.016 0.01 - 
M135-3 0.013 0.02 0.013 - 
Tammes 
Dural 50 
D50-1 0.016 0.02 0.013 - 
D50-2 0.016 0.016 0.016 - 
D50-3 0.025 0.016 0.016 - 
Tammes 
Dural 335 
D335-1 0.013 0.016 0.02 - 
D335-2 0.013 0.016 0.016 - 
D335-3 0.025 0.016 0.016 - 
Tammes 
Dural 50 LM 
D50LM-1 0.025 0.02 0.016 - 
D50LM -2 0.013 0.016 0.016 - 
D50LM -3 0.02 0.02 0.02 - 
Fox 
FX 770-HMLV 
FX770-1 0.025 0.013 0.016 - 
FX770-2 0.013 0.013 0.016 - 
FX770-3 0.016 0.025 - - 
Sika 
Sikadur 55 SLV 
55SLV-1 0.016 0.016 0.016 - 
55SLV-2 0.025 0.025 - - 
55SLV-3 0.013 0.02 0.025 - 
Kaufman 
HMSLV 
HMSLV-1 0.025 0.02 - - 
HMSLV-2 0.016 0.016 0.013 - 




T3DOT-1 0.025 0.016 0.02 - 
T3DOT-2 0.016 0.016 0.016 - 
T3DOT-3 0.013 0.016 0.01 0.013 
Unitex 
Bridge Seal 
BSeal-1 0.01 0.02 0.016 - 
BSeal-2 0.02 0.016 0.013 - 
BSeal-3 0.025 0.016 0.013 - 
 




P19-1 0.02 0.016 0.016 - 
P19-2 0.016 0.02 0.016 - 
P19-3 0.025 0.02 - - 
Fox 
FX-821 
FX821-1 0.013 0.016 0.013 - 
FX821-2 0.02 0.016 0.02 - 




EGSS-1 0.02 0.025 0.025 - 
EGSS-2 0.02 0.016 - - 
EGSS-3 0.02 0.016 - - 
BASF 
DegaDeck 
DDeck-1 0.016 0.02 - - 
DDeck-2 0.02 0.02 0.016 - 
DDeck-3 0.02 0.025 - - 
BASF 
Enviroseal 
ES-1 0.02 0.016 0.02 - 
ES-2 0.013 0.013 0.02 - 
ES-3 0.016 0.02 - - 
No Repair 
Small Cracks 
NR S-1 0.013 0.013 0.01 - 
NR S-2 0.013 0.01 0.01 - 
NR S-3 0.013 0.013 0.01 - 
No Repair 
Medium Cracks 
NR M-1 0.02 0.016 - - 
NR M-2 0.02 0.025 0.016 - 
NR M-3 0.016 0.016 0.02 - 
No Repair 
Large Cracks 
NR L-1 0.04 0.04 - - 
NR L-2 0.04 0.045 - - 
NR L-3 0.03 0.03 0.04 0.03 
Note: “-” denotes no crack 
 
4.5.3  Restressing 
 
 After the cracked specimens were repaired, tensile stresses were reintroduced to 
simulate subsequent traffic loading after repairs.  The bond strength and flexibility of the 
repair products were the major factors in determining whether the product could withstand 
loading.    
 The specimens were restressed using the same cracking setup used to initiate the 
original cracks.  All specimens were loaded to 32 kips, which placed a stress of 500 psi into 
the concrete.  This stress level was approximately identical to that which produced first 
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cracking in the specimens.  This load also represented a stress of approximately 40 ksi, or 
2/3 of the yield strength of the reinforcement, a stress considered the maximum service 
load stress that a bridge deck will be subjected to (ACI 318-05).  
 Because the bond strength of the repair products was higher than the tensile 
strength of the concrete, stresses greater than the tensile strength would likely cause the 
initiation of new cracking of the concrete rather than re-cracking at the repair site.  
However, failure of a gravity feed crack repair can occur despite a high bond strength if the 
bond area is extremely small due to inadequate depth of penetration.  During restressing, 
repair product failure was observed in only a small number of specimens that were repaired 
with an epoxy gravity feed product but was generally not specific to a particular product.  
Overall, the gravity feed repair products were able to withstand the forces reintroduced into 
the specimens.   
 All specimens repaired with an overlay product cracked above the location of the 
original crack during restressing.  Because a pretreatment procedure was not applied to fill 
the cracks prior to the overlay application, there was a very low cross sectional area at those 
locations to resist the tensile force.   
 
4.6  Testing Procedure 
 
 Once the specimens were repaired and restressed, a macrocell corrosion test was 
initiated to evaluate the effectiveness of each product in terms of repairing cracks to resist 
reinforcement corrosion.  Macrocell action occurs when a metal undergoing active 
corrosion is electrically connected to another undergoing a lower rate of corrosion or not 
corroding at all.  This action generally occurs due to a difference in materials or 
environmental conditions between the two regions.  In the case of reinforced concrete, a 
macrocell can be created between two mats of reinforcement connected by transverse 
reinforcement or construction devices such as slab bolsters or chairs.  The actively 
corroding region, usually the top mat of steel, becomes the anode while the bottom mat 
becomes the cathode.  An electron flow occurs between the two mats, which can be 
monitored by measuring the voltage drop across a resistor connecting the anode and the 
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4.7  Test Results 
 
 During application and restressing, some general observations were made.  The 
epoxyies and methacrylates exhibited different behavior during the crack repair 
application.  The methacrylates were easier to handle due to their lower viscosity.  
However, they required more pretreatement stripe applications to fully repair the crack, 
which may be unrealistic in field applications.  Conversely, the epoxies were harder to 
handle but required fewer pretreatement stripes which is beneficial for field application 
but may indicate a decreased depth of penetration.  Based solely on ease of application, 
methacrylates exhibited a better performance than the epoxies. 
 Restressing of the specimens also demonstrated some important information 
about the repair products.  All specimens repaired with an overlay system were re-
cracked at the location of the original crack during restressing.  Therefore, an overlay 
system alone is not adequate to repair bridge deck cracking.  When an overlay system is 
implemented, a gravity feed repair system should first be applied to fill the cracks to 
prevent re-cracking in the overlay at the location of the deck cracks.  In addition, 
restressing produced a small number of failures in the epoxy gravity feed repairs.  This 
failure was not observed in specimens repaired with methacrylates.   
 It should also be noted that many of the specimens were shown to be inadequately 
repaired based on leaking.  Upon filling the plexiglass dams with salt solution, many of 
the specimens leaked from the sides and bottom of the cracks, indicating the salt water 
had penetrated through the depth of the crack despite the repair.  The leaking was not 
specific to one repair technique or repair product. 
The total corrosion of the reinforcement embedded in each specimen was 
determined from the potential difference recorded across the resistor during the macrocell 
test. Based on Ohm’s law (V=I·R), the current was calculated using the resistor’s 
measured resistance and the voltage drop.  Total corrosion was subsequently obtained by 
integrating over the test duration the computed electric current.  Upon conclusion of the 
test, the rebar was extracted from the specimens to visually determine the degree of 
corrosion present on the bars.  Correlations between these observations and 
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measurements from the test were made.  Furthermore, the effectiveness of the repair 
products was evaluated.   Finally, the influence of crack widths on the corrosion of the 
reinforcement was investigated.   
 
4.7.1  Corrosion Measurement 
 
The behavior exhibited by the electric current throughout the test was 
approximately the same for all specimens although the magnitude of the values varied. 
Typical behavior is illustrated in Figure 4.16 as provided by Specimen 10 while the 
results for all specimens are provided in Appendix B.  For the first 14 days (end of the 
first dry cycle), the measurements were essentially zero, since no salt solution had been 
pooled in the dams.  An increase was observed shortly after the beginning of the wet 
cycle in all specimens, indicating that during this cycle, the bar experienced some 
corrosion. From Day 30 to 50, data were not recorded due to a malfunction of the 
datalogger; therefore, the values before and after the gap were connected by a straight 
line as shown.  From Day 50 to approximately Day 70, the rate of corrosion increased 
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4.8  Analysis of Results 
4.8.1  Corrosion Measurement 
 
The total corrosion calculated for each repair product was plotted in order from 
best to worst to identify any relative differences as shown in Figure 4.38.  This value was 
computed by averaging the total corrosion of the three specimens of each repair product. 
The specimens with abnormal corrosion measurements were not considered in the 
average (Specimen 3-1, 3-2, 9-3 and 12-2).  It can be observed that the total corrosion 
measured was similar for the first 11 products, with the exception of the first product 
(Enviroseal).  In considering the next products (12-16), a jump is noted which seems to 
indicate significantly less performance.  Overall, this data can be interpreted as producing 
two main groups with total corrosion values around -4500 (Group 1) and -7500 (Group 2) 
coulombs.  It is important to consider this trend because a small amount of corrosion such 
as that observed on the exposed bars can cause major variations in the ranking within 
these groups.  
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The repair products were ranked in accordance to the total corrosion measured at 
the end of the test as previously illustrated in Figure 4.38 and as indicated in Table 4.6, 
where 1 indicates best performance. As noted, while Enviroseal ranks 1 as shown in 
Figure 4.38, it should be excluded as the total corrosion measured is not respective of its 
actual behavior since the values provided were influenced by corrosion of the bottom 
bars. While there appears to be benefits of this product, the results cannot be properly 
assessed due to the different corrosion mechanism that occurred. Therefore, the results of 









































2 Sikadur 55 SLV SikaCorp Epoxy -4396 
3 Dural 50 Euclid / Tamms Epoxy -4614 
4 Dural 335 Euclid / Tamms Epoxy -4722 
5 Dural 50 LM Euclid / Tamms Epoxy -4826 























11 FX 770-HM LV Fox Industries Epoxy -7015 
12 Pronto 19 SikaCorp Methacrylate -7030 
13 DegaDeck BASF Methacrylate -7128 
14 FX-821 Fox Industries Methacrylate -7609 
15 MARK 135 Poly-Carb Epoxy -7725 
 
16 Medium Cracks (0.016 to 0.020 in.) None -8126 
17 Small Cracks (0.010 to 0.013 in.) None -9236 
18 Large Cracks (0.035 to 0.040 in.) None -11657 
Not Ranked Enviroseal BASF Waterproofer -3487* 
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For each specimen, an average corrosion value was calculated by summing the 
corrosion values assigned at each crack and dividing them by the number of times a crack 
intersected each of the top bars. Complete details are provided in Appendix C. 
Subsequently, an average was computed for the three duplicate specimens available for 
each repair product to further rank its performance as presented in Figure 4.41 and Table 
4.7.  All repair products were ranked in descending order, where a rank of 1 indicates the 
best performance according to the visual assessment. As illustrated in Figure 4.41, the 
average of the repair products increases gradually throughout the ranking except for the 
average of DegaDeck.  The specimens for this product exhibited a significant amount of 
corrosion as shown in Figure 4.40.   
 
 
































































































































































































































2 FX 770-HM LV Fox Industries Epoxy 0.44 
3 Dural 335 Euclid / Tamms Epoxy 0.67 




BASF Epoxy 0.90 
6 










8 FX-821 Fox Industries Methacrylate 1.15 
9 Dural 50 Euclid / Tamms Epoxy 1.39 
10 Bridge Seal Unitex Epoxy 1.40 
11 Dural 50 LM Euclid / Tamms Epoxy 1.53 
12 Large Cracks (0.035 to 0.040 in.) None 1.58 
13 Small Cracks (0.010 to 0.013 in.) None 1.61 
14 MARK 135 Poly-Carb Epoxy 1.67 
15 Medium Cracks (0.016 to 0.020 in.) None 1.69 
16 MARK 127 Poly-Carb Epoxy 1.97 
17 Pronto 19 SikaCorp Methacrylate 2.03 
18 DegaDeck BASF Methacrylate 3.47 
Not Ranked Enviroseal BASF Waterproofer 0.81* 




4.8.3  Correlation of Results (Corrosion Measurement and Visual Examination) 
 
A direct correlation between the corrosion measurement and the values 
determined from the visual assessment was not evident.  It is felt that this discrepancy 
was caused primarily because of the corrosion present on the exposed bars, which 
affected the corrosion current. Therefore, the rankings provided by the visual assessment 
are considered more reliable than the corrosion measurements. Although the rankings 
provided by the corrosion measurement and the visual assessment are different as shown 
in Table 4.6 and Table 4.7, it is of importance to indicate that some similarities exist in 
the ranking positions.  
From the visual assessment, three of the top five repair products also ranked in the 
top five based on the current measurements. Thus, the performance of these three 
products is supported by the results of both methods.  Similarly, eight of the top ten 
products according to visual observation are also ranked within the top ten based on the 
current measurements. These eight products are listed in Table 4.8.  
 It is important to indicate that Pincheira et al. (2005) recommended five crack 
sealers, two of which are included in Table 4.8 (Sikadur 55 SLV, Dural 335). From the 
remaining three, two were not considered in this investigation (Sikadur 52 and Denedeck 
Crack Sealer) and the last product recommended (Degadeck Crack Sealer) exhibited a 
deficient performance in the current investigation.  The support of Sikadur 55 SLV and 
Dural 335 from two independent studies considering different testing methods is 
significant.  
Table 4.8: Best performance (Corrosion Measurement and Visual Examination) 
Product Manufacturer Repair Type 
MARK 163 FlexoGrid Poly-Carb Epoxy Overlay 
Dural 335 Euclid / Tamms Epoxy 
Sikadur 55 SLV SikaCorp Epoxy 
Epoxesl GS Structural BASF Epoxy 
Pro-Poxy Type III D.O.T Unitex Epoxy Overlay 
HMSLV Kaufman Products Epoxy 
Dural 50 Euclid / Tamms Epoxy 
Bridge Seal Unitex Epoxy 
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From the visual examination ranking (Table 4.7), it is observed that four repair 
specimens are ranked below the specimens with large and small cracks that were not 
repaired.  Similarly, three repaired specimens are ranked below all specimens with no 
repair product applied and different crack widths.  This ranking indicates that the 
performance of these specimens was not improved by the repair technique.  
 
4.8.4  Repair Type Performance 
 
The rankings from Table 4.7 were compared to identify whether certain repair 
types yielded better performance.  From the rankings, no evident trends associated with 
product type were noticed.  For example, the ranking for epoxy repairs ranged from 2nd 
place for FX 770-HMLV to 17th place for Mark 127. 
Although no clear trend was noticeable, an overall evaluation of the performance 
of each repair type can be drawn from the product ranking.  From Table 4.7, it can be 
observed that the epoxies performed the best.  The top eight places show specimens 
repaired with these types. It should be noted, however, that the performance for this type 
varied significantly between different products even within the same company of epoxies. 
 The worst performance was demonstrated by the methacrylates.  While only 
three products were tested, two out of three of these products were ranked last with the 
best ranked ninth.  Based on the results of this study, methacrylates are not 
recommended.  The best repair product for each repair type is presented in Table 4.9.  
Since some repair types only had one product represented, this table should not be 










Table 4.9: Best product performance for each repair type 











Poly-Carb 1 1 
Epoxy FX 770-HM LV Fox Industries 2 11 
Methacrylate FX-821 Fox Industries 8 14 
 
 
4.8.5  Influence of Crack Widths   
 
Specimens with varying crack widths were constructed to evaluate the influence 
of crack width on corrosion.  Three crack widths were considered, small (0.010 to 0.013 
in.), medium (0.016 to 0.020 in.), and large (0.035 to 0.040 in.).  Considering Table 4.7, 
these specimens rank in the bottom six, demonstrating significant corrosion as expected.  
Based on the visual assessment, specimens with large cracks exhibited the least amount 
of corrosion, followed by specimens with small cracks, and then specimens with medium 
cracks.  Similarly, from the current measurement ranking, no logical order was observed 
between the specimens; specimens with medium cracks had the least amount of corrosion 
and large cracks presented the most amount of corrosion as shown in Table 4.6.  Hence, 
from these results, no direct correlation between crack width and corrosion could be 
determined. Photographs and corrosion measurements of these three specimens are 
shown in Figure 4.35, Figure 4.36, and Figure 4.37 for small, medium, and large cracks, 
respectively.  Considering crack widths greater than 0.010 in., it appears that crack width 
does not significantly influence corrosion. Different results may be expected for smaller 
crack widths. This finding is consistent with the debate summarized in Darwin et al. 
(1985) about the influence of crack width and cover on corrosion. In this paper, Manning 
and Beeby agreed that there in not a clear relationship between the crack width and 





4.8.6  Properties of Repair Products   
 
Different technical specifications are provided for each of the repair products 
depending on type and technique.  Among the tested products, Enviroseal (waterproofer) 
is the only product whose properties are not adequate for structural repair.  This product 
is a penetrating sealer that protects against moisture intrusion, freeze and thaw cycles, 
and chloride intrusion. This product was intended to be a control to evaluate the influence 
of product strength. Unfortunately, due to the different corrosion mechanism, 
comparisons could not be made.    
A comparison between the conclusions presented by Hoffman (2008) and this 
study and those from a technical report (Johnson et al. 2009) about the performance of 
crack sealers was conducted.  From Hoffman (2008), it was determined that methacylates 
provided better penetration depths than epoxies. Similarly, Johnson et al. (2009) 
concluded that generally HMWM products penetrate better into the crack and that epoxy 
products usually develop higher bond strength. In addition, the following properties for 
crack sealers were recommended: viscosity less than 500 cP (or 25 cP for HMWM 
sealers), tensile strength more than 1160 psi, and tensile elongation larger than 10 
percent. The repair products evaluated in this study were reviewed to determine if they 
satisfy the specifications recommended above. From Figure 4.42, it can be observed that 
all products with data available satisfy the viscosity recommendations. The tensile 
strength is adequate for all products except for Dural 50 LM as illustrated in Figure 4.43. 
Finally, the tensile elongation is satisfied only by six repair products as shown in Figure 
4.44.  From these figures, no trend was evident between the recommended properties and 
product ranking.  Therefore, it is important that the performance of individual products be 






























































































































































































NA: Data Not Available
  

































































































































































































< 500 cps (Johnson et al. 2009)




Figure 4.44: Tensile Elongation vs. Assessment Ranking 
 
4.9  Conclusions 
 
Considering only the performance of the repair products during application and 
restressing, the following conclusions were made: 
1. The ability of gravity feed crack repair products to fill cracks was improved 
by applying a pretreatment stripe to all cracks. 
2. A standard application procedure is needed, as there is some variation in 
manufacturer-supplied guidelines.  Consistent surface preparation, mixing 
times, pretreatment application, and finishing are necessary for optimal crack 
repair performance.  
3. Among gravity feed repair products, methacrylates were easier to handle than 


















































































































































































>10% (Johnson et al. 2009)
NA NA
NA: Data Not Available
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4. Some failure was observed in the epoxy gravity feed products upon reloading, 
while all methacrylate gravity feed products withstood the applied loads.   
5. All overlays were cracked upon reloading at the location of the original crack.  
6. Leaking was observed in some specimens, indicating an inadequate crack 
repair.  The leaking was not specific to a certain repair technique or product. 
 
 The following conclusions about the crack sealing performance after application 
are based on the investigation conducted here. 
1. In general, epoxies provided the best performance in preventing corrosion. 
However, significant variation among products was observed indicating that 
the type of material alone is not indicative of performance. This variation is 
likely due to the different physical properties of the materials. Table 4.8 
provides a list of top performing products evaluated in this study.      
2. Based on the results, methacrylates should not be considered as an effective 
solution to repair cracks due to their poor performance. 
3. No correlation was evident between the corrosion exhibited by the following 
crack widths: small (0.010 to 0.013 in), medium (0.016 to 0.020 in), and 
large (0.035 to 0.040 in). For these widths, corrosion does not appear to be 

















CRACK CONTROL INVESTIGATION 
 
 
5.1  Specimen Design 
Once a concrete bridge deck cracks, the reinforcement is responsible for 
controlling crack widths below specified limits to prevent the penetration of deleterious 
agents and ensure the durability of the deck.  Laboratory specimens were constructed to 
evaluate the reinforcement required to optimally control crack widths.  Test variables 
such as the amount, diameter, and spacing of the reinforcement were investigated to 
determine their specific contribution in controlling cracking.  Moreover, design 
recommendations from previous studies and the behavior of restrained reinforced 
concrete decks were evaluated.  
 
 
The laboratory specimens were designed to represent a composite section of a 
concrete deck and steel superstructure of a full scale bridge deck. The specimen is 
restrained through connection with the steel girder as illustrated in Figure 5.1. A steel 
girder was selected as this superstructure provides maximum restraint of the deck 
(Radabaugh 2001). Six concrete deck specimens with various reinforcement designs were 
considered.  A crack was pre-formed at midspan to simulate transverse deck cracking and 
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5.3  Specimen Variables 
Three test variables were evaluated which include the reinforcement amount, bar 
spacing, and bar diameter to assess their influence on the control of restrained shrinkage 
cracking. The longitudinal reinforcement design was different for each of the specimens 
considered. The amount, spacing, and diameter of the reinforcement were varied to 
evaluate the performance of different reinforcement designs when controlling cracking. 
Table 5.1 presents the test variables used in the concrete deck specimens. 
 
Table 5.1: Test variables 
Spacing (in.)  
Reinforcement Ratio, ρg (%) 
 #4 bar  #5 bar  
4 1.25  -  
8 0.63 0.97 
12 0.42 0.65 
18 0.27 -  
 
Details of the test specimens are shown in Table 5.2. The reinforcement layout of 
each specimen is illustrated in Figure 5.5.   
  






Ratio, ρg (%) 
1 18 #4 0.27 
2 4 #4 1.25 
3 12 #5 0.65 
4 12 #4 0.42 
5 8 #5 0.97 




Reinforcement Amount  
 The influence of the amount of reinforcement was investigated. By varying the 
bar spacing and diameter, various amounts of reinforcement ranging from 0.27% to 
1.25% were evaluated.  A ratio of 0.27% represents a minimum amount of reinforcement 
expected to be used in a bridge deck as provided by #4 at 18”.   No.4 bars are the smallest 
size typically used while 18” is consistent with the maximum spacing provided by 
AASHTO. A ratio of 0.63% was included to investigate a reinforcement level 
recommended in previous studies (Frosch et al. 2003, 2006) based on the expression 
ycg ff '6  as well as the minimum recommended by ACI 224R-01 (0.6%).  The 




The longitudinal reinforcement of the specimens was spaced at 4, 8, 12, and 18 in. 
to determine the influence of the bar spacing on the control of cracks. To specifically 
evaluate the influence of spacing, two specimens were designed with approximately the 




 The bar diameter was varied to evaluate its influence on crack control. Two bar 
diameters were used, #4 and #5. These diameters were considered since they are 
commonly used in bridge decks.  Bar diameter was varied for the same bar spacing as 
well as for the same reinforcement amount (0.63% and 0.65%) such that its influence 
could be assessed.  
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Table 5.3: Concrete mix design (per cubic yard) 
Material INDOT Class C 
Portland Cement (Type I) 658 lbs 
Fly Ash (Class C) none 
Water 245 lbs 
#8 Stone 1800 lbs 
#23 Sand 1200 lbs 
Micro Air 3.95 oz 
Glenium 3030 13.2 oz 
Slump 6 in. 
 
 
 Standard 6 in. by 12 in. cylinders were cast at the same time as the deck 
specimens. These samples were also cured for 3 days. Cylinders for both concretes (1st 
and 2nd truck) were obtained and tested at 7, 14, 21, 28, and 56 days. On these days, 
compressive and split cylinder tests were performed according to ASTM C39 and ASTM 
C496.  Figure 5.13 and Figure 5.14 illustrate the strength gain curve of the concrete for 
both tests considered.  It can be observed that the concrete strength from the 2nd truck is 













































































5.5.2  Reinforcing Steel 
The specimens were constructed using #4 and #5 bars.  Both bars were specified 
as ASTM A615 Grade 60. A universal testing machine was used to obtain the stress-
strain relationship for these bars.  Figure 5.15 and Figure 5.16 show the tensile strength of 
the #4 and #5 bars, respectively.  Table 5.4 indicates the yield and ultimate stress of both 
bars. Strain gages were also used to verify the extensometer measurements. Both 
measurements were identical except in the vicinity of the yield plateau. It is likely that 




























Figure 5.16:  Reinforcement tensile strength (#5 bar) 
 
 
Table 5.4: Yield and ultimate stress 
Bar Size fy (ksi) fu (ksi) 
#4 68 98 
#5 64 97 
 
 
5.5.3  Steel Girder 
A W12x65 steel shape was used to construct the concrete deck specimens. The 
stud shear connectors were installed in the steel fabrication shop.  The steel girders 
























Instrumentation was installed to evaluate the behavior of the specimens and in 
particular the deck subjected to restrained shrinkage and thermal volumetric changes.  
For this purpose, linear potentiometers, strain gages, and thermocouples were installed at 
different locations throughout the specimens. All specimens had the same 
instrumentation layout except for Specimens 1 and 2 which included an additional strain 
gage at the bottom flange of the girder. The location of the instrumentation in each 
specimen is shown in Figure 5.17 to Figure 5.22. The gages in the deck are illustrated in 
the plan view while the gages on the girder are illustrated in the elevation view. All 
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5.6.1  Strain Gages 
Strain gages were installed on the top reinforcement to measure strains near the 
pre-formed crack and at the quarterspan of the deck. In addition, gages were installed on 
the girder flanges to determine the stain gradient through the depth of the girder. A CEA-
06-250UW-350/P2 strain gage from Vishay Micro Measurements was used at these 
locations. The strain gage details are listed in Table 5.5. To ensure protection of the 
gages, M-Coat B and M-Coat F were used on the reinforcement while M-COAT B was 
used on the girder gages. The strain gages and protective coating were applied according 
to Vishay Micro Measurements installation procedures. Figure 5.23 shows the strain 
gages located on the top longitudinal reinforcement at midspan, adjacent to the simulated 
crack.         
 
Table 5.5: Strain gage specifications 
Gage Type CEA-06-250UW-350/P2 
Resistance in Ohms at 24⁰C 350 ± 0.3% 
Gage Factor at 24⁰C 2.07 ±1.0% 
Temperature Range –100° to +350°F [–75° to +175°C]
Strain Range ±3.0% 
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5.7  Data Collection 
A Vishay Micro-Measurements System 7000 was used to collect data during the 
test. A laptop computer and StrainSmart software were used to acquire, reduce, and store 
the data from the gages.  Prior to casting, data were collected to ensure proper 
functioning of the system.  The potentiometers and strain gages were zeroed 1 hour prior 
to casting of the specimens.  Zeroing of the thermocouples was not required since they 
measure the actual temperature.  The data were scanned every 10 seconds and recorded 
every 5 minutes.  In general, data were downloaded and examined weekly.  
 The width of the pre-formed cracks was also measured using a crack measuring 
microscope (Bausch & Lomb). For each specimen, cracks were measured approximately 
at the center and 1 ft from both edges of the deck.  Measurements were made at the same 
location each time.    
 
5.8  Results 
All gages installed remained functional after casting.  The gage measurements are 
presented in this section. Gages were zeroed at 5 days, after curing of the specimens and 
formwork removal. At Day 5, the heat of hydration had dissipated.   As shown in Figure 
5.25, at 5 days, the gages read essentially zero. By zeroing all gages at this time, the 
shrinkage behavior of all specimens can be assessed without any slight variations caused 
by formwork removal. From the data, the general behavior of the gage measurements was 
evaluated. These measurements included strains in the longitudinal reinforcement and 
girder, crack width displacements, and girder deflections. The test results allow 






Figure 5.25:  Typical early age strain behavior (Specimen 1) 
 
5.8.1  Thermocouples 
During the test, three thermocouples were used to obtain the ambient temperature 
and the temperature in the concrete deck (Specimen 1) near two strain gages placed on 
the longitudinal reinforcement.  Only Specimen 1 was installed with thermocouples to 
provide a typical temperature trend to be used for all specimens.  Figure 5.26 presents the 
temperature during the first 10 days.  As shown, the ambient temperature exhibited 
sudden variations due to temporary opening of the overhead door which was located near 
the specimens.  In addition, the difference between the deck and ambient temperature 
caused by the heat of hydration can be observed during the first four days.  A peak 
temperature of 135⁰ F was reached 8 hours after casting of the decks.  Both embedded 
thermocouples measured approximately the same temperature. The deck and ambient 
temperatures were essentially the same after 4 days until the end of the test as shown in 
Figure 5.27. Again, sudden variations in air temperature recorded by the ambient gage are 
























































































5.8.2  Reinforcement Strain Gages 
In all specimens, Gages 1-3 measured strains near the crack location while Gage 4 
measured strains at the quarterspan of the deck (Section 5.6).  Overall, the strain behavior 
for Gages 1 and 3 was essentially the same in all specimens. A rapid increase was 
exhibited after initial set (Figure 5.25), approximately 6 hours after casting, in response to 
the thermal expansion of the concrete during hydration.  At the peak temperature, the 
maximum strain was reached. Then, the strains decreased slightly as the temperature 
declined. Throughout the curing duration, from Day 1 to Day 4, strains were fairly 
constant except in a few gages where the strain increased because of early shrinkage. On 
Day 4, a sudden decrease of strain was observed because of removal of the shores as load 
was transferred from the formwork to the deck/girder system.   Approximately by Day 7, 
it appears that the lowest strains were attained.  Following this day, shrinkage effects 
became evident and tensile strains began to rise. As exhibited in Figure 5.28, a gradual 
increase continued for approximately 30 days. It should be noted that the gages were 
zeroed at 5 days as discussed earlier. From this point onward, the stain rate decreased as 
the shrinkage rate declined. By the end of the test, strains were increasing at a much 
lower rate.  
The strain behavior for Gage 2 varied with respect to Gages 1 and 3, also located 
at midspan. This variation is due to the proximity of the instrumented reinforcement to 
the steel girder and shear studs.  In the first week, the strain behavior was similar to that 
observed for Gages 1 and 3. Approximately around Day 7, Gage 2 started to develop 
compressive strains. After a variable time period between the specimens, the strains 
began to increase because of the ongoing shrinkage.  At the end of the test, all specimens 
with the exception of Specimen 2 indicated tensile strains. These strain values were lower 







 Strain gage 4 was located at quarterspan to evaluate the compressive strains 
induced by concrete shrinkage. In the first week, the trend was similar to the gages at 
midspan but the strains were smaller in magnitude. Following the first week, compressive 
strains increased steadily for 20 days (Figure 5.28). After this point, the compressive 
strains continued increasing at a lower rate. As evident, strains at the location of the crack 
(Gages 1-3) were tensile while strain in between the crack and end of the specimen at the 













a) Specimen 1 (#4 @ 18”) 
 
b) Specimen 2 (#4 @ 4”) 
 






















































c) Specimen 3 (#5 @ 12”) 
 
d) Specimen 4 (#4 @ 12”) 
 






















































e) Specimen 5 (#5 @ 8”) 
 
f) Specimen 6 (#4 @ 8”) 
 





















































5.8.3  Girder Strain Gages 
The behavior of the girder was similar in all specimens with only variations in the 
magnitude of the response. In general, compressive strains were obtained on the top 
flange gages and tensile strains on gages located at the bottom flange because of the 
positive moment caused by deck shrinkage and gravity loads. Gages were zeroed at 5 
days as discussed earlier. 
After casting, the top flanges exhibited a decrease in strain due to the heat of 
hydration (Figure 5.29). The minimum was reached at the peak temperature. Following 
this point, the strains increased for approximately 4 days as the temperature declined. 
Once curing had discontinued and the formwork was removed, the top flanges 
experienced a significant increase in strains for the first 30 days prior to a decrease in the 
compressive strain rate.  Compressive strains revealed a steady increase for the remainder 
of the test.  
The bottom flanges in Specimens 1 and 2 experienced the opposite behavior of 
the top flanges in the first 30 days. Tensile strains were fairly constant from this day to 
the end of the test. After 100 days, compressive strains in the top flange were greater than 








a) Specimen 1 (#4 @ 18”) 
 
b) Specimen 2 (#4 @ 4”) 
 







































































c) Specimen 3 (#5 @ 12”) 
 
 
d) Specimen 4 (#4 @ 12”) 
 




























































e) Specimen 5 (#5 @ 8”) 
 
f) Specimen 6  (#4 @ 8”) 
 



























































5.8.4  Deck Potentiometers 
Linear potentiometers located in the deck recorded crack displacements over time. 
Daily temperature cycles caused the displacement measurements to fluctuate as shown in 
Figure 5.30. However, the magnitude of the fluctuations was significantly different in 
comparing the six specimens. Large fluctuations are evident in Specimens 1-3 while 
much smaller fluctuations are evident in Specimens 4-6.  It should be noted that positive 
values indicate opening of the crack. Consequently, negative values such as evident in 
Specimen 2 are questionable. As previously discussed, the potentiometers were also 
zeroed at 5 days.   
In general, as more clearly illustrated by Specimens 4-6, a sharp increase was 
revealed shortly after the embedment of the potentiometers.  The maximum displacement 
was reached at the peak temperature and remained fairly constant throughout the curing 
duration. Once the wet burlap was removed, displacements declined slightly and 
increased afterwards, when the formwork was removed.  The displacement started to 
increase because of the drying shrinkage experienced by the deck at approximately Day 
7.  This increase was significant up to Day 30, after this point, the shrinkage rate 







a) Specimen 1 (#4 @ 18”) 
 
b) Specimen 2 (#4 @ 4”) 
 














































c) Specimen 3 (#5 @ 12”) 
 
d) Specimen 4 (#4 @ 12”) 
 














































e) Specimen 5 (#5 @ 8”) 
 
f) Specimen 6 (#4 @ 8”) 
 













































5.8.5  Girder Potentiometers 
Linear potentiometers were located under the girders at midspan to measure 
deflections caused by restrained shrinkage of the deck in combination with composite 
action between the deck and steel girder. Overall, the displacement trends were similar. 
All gages indicated downward deflections after removal of the formwork until the end of 
the test as shown in Figure 5.31. Again, gages were zeroed at 5 days to evaluate 
deflection due to shrinkage. 
During casting, small downward deflections were measured resulting from the 
small portion of the concrete load supported by the girders. Afterwards, the specimens 
experienced an upward deflection due to the rise of temperature until the maximum deck 
temperature was obtained. Then, the deflection decreased as the temperature declined. 
After the heat of hydration dissipated, the displacements remained stable while the 
specimens were cured. Once the wet burlap was removed, the displacement slightly 
increased prior to the significant instantaneous downward deflection caused by formwork 
removal. Through the remainder of the test, the rate of downward deflections decreased 













a) Specimen 1 (#4 @ 18”) 
 
b) Specimen 2 (#4 @ 4”) 
 
















































c) Specimen 3 (#5 @ 12”) 
 
 
d) Specimen 4 (#4 @ 12”) 
 
















































e) Specimen 5 (#5 @ 8”) 
 
 
f) Specimen 6 (#4 @ 8”) 
 















































5.8.6  Crack Widths 
The width of the pre-formed crack was measured twice during the test. 
Measurements were made at three different locations, close to the sides and at the center 
of the deck as explained in Section 5.7.   The maximum and average widths are presented 
in Table 5.6 and Table 5.7 for the different reinforcement layouts.   
 
Table 5.6: Crack width at Day 70 
Specimen ρg (%) Spacing (in.)
Bar 
Size 
Crack Width (in.) 
Average Max. 
1 0.27 18 #4 0.007 0.008 
2 1.25 4 #4 0.005 0.005 
3 0.65 12 #5 0.006 0.007 
4 0.42 12 #4 0.006 0.007 
5 0.97 8 #5 0.005 0.006 
6 0.63 8 #4 0.006 0.007 
 
 
Table 5.7: Crack Width at Day 100  
Specimen ρg (%) Spacing (in.)
Bar 
Size 
Crack Width (in.) 
Average Max. 
1 0.27 18 #4 0.008 0.009 
2 1.25 4 #4 0.005 0.005 
3 0.65 12 #5 0.006 0.007 
4 0.42 12 #4 0.007 0.008 
5 0.97 8 #5 0.006 0.007 









5.9  Analysis of Results 
The results were used to evaluate the performance of different reinforcement 
designs in controlling crack widths.  Parameters such as the reinforcement ratio, spacing, 
and bar diameter were considered in the evaluation. Crack openings were also assessed to 
provide a correlation between the reinforcement parameters and crack widths.  
 
5.9.1  Reinforcement Ratio 
The strains obtained near the crack (Gages S-D-1 and S-D-3) were averaged and 
plotted for specimens with #4 bars as shown in Figure 5.32.  It should be noted that 
tensile strains in the reinforcement are directly related to crack width as the strains are 
measured at the location of the crack. This figure also presents the shrinkage strains 
(zeroed at Day 5) obtained from a concrete free-shrinkage test (Hoffman 2008) of 
INDOT Class C concrete where the specimen was wet cured for 5 days.  The shrinkage 
strains of the concrete were plotted as tensile for comparison purposes.  
 
























S4 (ρ=0.42, s=12") 
S6 (ρ=0.63, s=8") 








 A small decrease in strain was observed when the reinforcement amount rose 
from 0.27% to 0.42%. This small variation indicates that the steel contribution was not 
significant for reinforcement ratios lower than 0.42%.  In comparing the free-shrinkage 
strains of Class C concrete, similar trends and magnitudes are observed. This similarity 
demonstrates that for ratios lower than 0.42%, the reinforcement is not providing 
significant resistance against shrinkage and therefore crack growth. From 0.42% to 
0.63%, the strains decreased from 272 to 171 µɛ at Day 100 when zeroed at Day 5.  This 
significant variation reveals an effective contribution of the steel in reducing strains.  In 
addition, an increase in the amount of steel from 0.63% to 1.25% produced a reduction of 
86 µɛ. Although, the influence of the reinforcement ratio was not as effective as going 
from 0.42% to 0.63%, it was still substantial. A strain reduction of 40% from the free-
shrinkage was achieved with 0.63% reinforcement while a reduction of 72% was 
achieved with 1.25% reinforcement.   
Specimens with identical bar spacings and different reinforcement ratios were 
compared to further evaluate the influence of the reinforcement ratio on the strains 
developed at midspan.  Figure 5.33 and Figure 5.34 plot strains for specimens with 8 and 
12 in. bar spacings, respectively. The difference in strains between both specimens 
confirms the significant influence of the reinforcement ratio on the developed strains 





























S4 (#4, ρ=0.42) 

























S6 (#4, ρ=0.63) 








The total strains at Day 100 are presented in Figure 5.35 for all specimens. This 
figure shows an approximate linear trend for reinforcement ratios above 0.63%. For 
lower values, a trend was not noticeable. As discussed above, small variations are 
exhibited in reinforcement ratios below 0.42% while a significant jump is noted from 
0.42% to 0.63%. It is also interesting to note that for the same reinforcement ratios with 
different bar sizes and spacing (#4 at 8” and #5 at 12”), similar results are obtained.  
 
Figure 5.35: Total strains at Day 100 
 
5.9.2  Reinforcement Spacing 
Specimens 3 and 6 were selected to examine strains in reinforcement with 
different spacings (12 and 8 in.) while maintaining approximately the same amount of 
steel.  Figure 5.36 compares the behavior of both specimens.  For the first 45 days, a 
significant difference between both specimens was observed. It is possible that this 
variation was caused by an uneven distribution of forces in the reinforcement at the 
beginning of the test that was balanced over time.  After this point, the strains were 
almost identical for both reinforcement layouts.  As a result, the spacing does not appear 
to contribute to the reinforcement strains and as evident in Figure 5.35, the amount of 



























Figure 5.36: Reinforcement strains, equal reinforcement ratio   
 
 
5.9.3  Reinforcement Diameter 
The two reinforcement diameters evaluated in this investigation corresponded to 
#4 and #5 bars.  As observed in Figure 5.36, strains were approximately the same for 
both specimens at 100 days considering the same amount of reinforcement (ρ = 0.63% 
and 0.65%).  Based on these results, the reinforcement strain is not significantly affected 
by the bar diameters.  Again, the amount of reinforcement is the primary variable.  
 
5.9.4  Crack Widths 
Linear potentiometers were embedded in the deck to measure crack openings 
during the test.  However, measurements in several of the specimens were not considered 
accurate. Large fluctuations and abnormal behaviors were obtained as previously 
discussed.  For this reason, microscope crack measurements were acquired at Day 70 and 
100.  Table 5.8 presents the crack width difference between Day 70 and 100. The crack 
growth was not significant during this time period, most likely because the shrinkage rate 
had already decreased considerably by Day 70. Maximum crack widths are plotted in 





















S6 (ρ=0.63, s=8", #4) 








Table 5.8: Crack width difference (Day 100 - Day 70) 
Specimen ρg (%) Spacing (in.)
Bar 
Size 
Crack Width* (in.) 
Average Max. 
1 0.27 18 #4 0.001 0.001 
2 1.25 4 #4 0.000 0.000 
3 0.65 12 #5 0.000 0.000 
4 0.42 12 #4 0.001 0.001 
5 0.97 8 #5 0.001 0.001 
6 0.63 8 #4 0.000 0.000 
      *Note: Computed from difference of Table 5.6 and Table 5.7 
 
 



































Because the linear pots of Specimens 5 and 6 produced stable readings, these 
readings were compared with the crack width measurements provided by the microscope. 
The displacements at 100 days were 0.004 and 0.005 in. for Specimens 5 and 6, 
respectively as shown in Figure 5.38.  From the microscope measurements (Section 
5.8.6) the average and maximum width for both specimens were 0.006 and 0.007 in., 
respectively.  It should also be noted that variations in crack measurements can be caused 
by shrinkage of concrete within the stroke of the potentiometer or by other localized 
effects due to the variability of concrete properties at these locations.  Finally, the 
accuracy and precision of the microscope measurements are subject to human error and 
interpretation.  Considering the accuracy of the microscope to be 0.001 in., these values 
agree reasonably well with the measurements provided by the linear pots and provide 
confidence in their readings.  
 






















S6 (ρ=0.63, #4) 
S5 (ρ=0.97, #5) 
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 To obtain a relationship between strain in the reinforcing steel and the crack 
widths, potentiometer displacements and reinforcing strains for Specimen 5 and 6 were 
plotted as illustrated in Figure 5.39 and Figure 5.40, respectively. Potentiometer and 
strain gage were selected at the same location, near the edge of the specimen.  Specimen 
5 and 6 were used since the potentiometer displacements were considered accurate. For 
Specimen 5, a linear equation for these variables was expressed as: 
                                                                     6041000  w                                                  (Eq. 5.1)    
Similarly, the linear equation for Specimen 6 was expressed as: 
                                                                    9034000  w                                                  (Eq. 5.2) 
 Assuming this relationship remains linear, it is estimated that cracks of 0.05 in. 
and 0.06 in. will develop if the steel reaches the yield strength (60 ksi) for Specimen 5 
and 6, respectively. The similarity between these equations indicates that crack width at 
yield of reinforcement is not significantly affected by differences in bar diameters (#4 
and #5) or reinforcement amounts (0.63% and 0.97%).  These relationships also indicate 
that wide crack widths much greater than recommended by ACI 224 will result if 





Figure 5.39: Strain vs. crack width, Specimen 5 
 
 








































5.9.5  Girder Deflections 
The deflections of the girders were measured at midspan during the test. These 
displacements are shown in Figure 5.41 for the specimens with #4 bars. It can be 
observed that Specimens 1 and 2 had approximately the same deflection. In addition, 
Specimen 6 had the largest deflection. To further evaluate, the strains obtained at the top 
flange were examined. The same trend was observed as shown in Figure 5.42. The 
deflections tend to increase as the reinforcement ratio increases and the spacing decreases 
with the exception of Specimen 2. This trend is likely explained considering two major 
factors affecting deflection such as the inertia of the cross section and crack width.  
Evidently, as the inertia of the cross section increases, deflection decreases.  However, 
the deck deflection is also a function of the crack width.  As the crack grows, it elongates 
the deck and causes an upward deflection that offsets the deflection caused by restrained 
shrinkage and the composite action between the deck and steel girder.  Therefore, as the 
reinforcement increases, it decreases crack width (increase deflection), but also increases 
the inertia of the cross section (decrease deflection). The first case is evident in Specimen 
1, 4, and 6. As the reinforcement increases, smaller crack widths are allowed and more 
deflections are observed. The second case controls in Specimen 2 where a significant 
increase in the amount of reinforcement (1.25%) provides a higher moment of inertia and 





Figure 5.41: Deflection, #4 bar  
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5.10  Conclusions 
The effectiveness of various reinforcing designs was evaluated to identify the 
primary variables in the control of crack widths. Primary variables included the 
reinforcing ratio, bar spacing, and bar diameter.  Based on this investigation, the 
following conclusions are made: 
1. No significant steel contribution was observed for reinforcement ratios lower 
than 0.42%.  Specimens with 0.27% and 0.42% obtained approximately the 
same strains in the reinforcement. Only a minimum reduction in shrinkage 
strain is obtained using these ratios.  
2. A linear response was obtained for reinforcement ratios higher than 0.65%. 
The strain decreases linearly as the reinforcement amount increases. The 
highest ratio evaluated was 1.25%. 
3. The recommended reinforcement ratio provided by Eq. 5.3 (Frosch et al. 
2003, 2006) is within the effective range. This expression indicates that 
0.63% reinforcement is required.  For the test conducted with 0.65% 







4. The strains in the steel reinforcement are primarily controlled by the 
reinforcement ratio. No significant influence of the bar spacing (8 and 12 in.) 
and bar diameter (#4 and #5) was observed in this investigation.  
5. Crack widths provide a similar trend as the strains with respect to the 













SUMMARY AND CONCLUSIONS 
 
6.1  Introduction 
 A large number of bridges across the state of Indiana have exhibited early age deck 
cracking.  This presents a major threat to the lifespan of these bridges, as deck cracking 
often leads to corrosion of the reinforcing steel by creating a path for water and deicing 
salts to reach the steel.  Therefore, there is a need to develop design and construction 
guidelines to control deck cracking in newly constructed bridges.  In addition, a method to 
repair deck cracks must be developed to prevent corrosion of the reinforcement in bridges 
already in service.  The objective of this research is to develop effective design, 
construction, and repair methods for the control of bridge deck cracking. 
 
6.2  Research Results 
This research project was divided into four phases and detailed results for each 
phase are outlined below. 
 
6.2.1  Phase 1: Field Investigation 
 The first phase of the study was an investigation of a new bridge that is 
experiencing significant deck cracking.  An in-depth study of the US-50 bridge over the 
Wabash River was conducted, including a field inspection.  Based on this phase of the 
research, the following conclusions were made: 
  
1. Bridge geometry plays a role in shrinkage cracking.  Cracks are rare in regions 
adjacent to expansion joints, as their presence decreases restraint.  Regions 
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furthest from expansion joints experience the most restrained shrinkage 
cracking due to high levels of restraint.  
2. Increased deck reinforcement significantly decreases crack widths.  The 
performance of the negative moment region relative to the positive moment 
region of the US-50 bridge clearly illustrates the improvement of cracking 
behavior achieved by increasing reinforcement.  Furthermore, the 
reinforcement of the positive moment region did not satisfy the previous 
recommendations for control of deck cracking as recommended by Frosch et 
al. (2003 and 2006).  The low amount of reinforcement and wide bar spacing in 
the positive moment region led to significant deck cracking.  On the other 
hand, the reinforcement in the negative moment region did meet the 
recommendations and resulted in significantly reduced crack widths. 
3. Poor weather conditions at the time of casting, such as low or high 
temperatures, low humidities, and high wind speeds, increase shrinkage 
cracking.  Low temperatures in particular are detrimental because they make 
wet curing difficult and cause a slow development of concrete strength.  The 
eastbound span of the US-50 bridge experienced significant deck cracking due 
to poor weather conditions at the time of casting.  
 
6.2.2  Phase 2: Curing Investigation 
 The second phase of the research investigated the influence of wet curing duration, 
wet curing procedure, and concrete mix on shrinkage.  In addition, various sensors were 
evaluated as potential curing monitoring devices.  Based on the results from this phase of 
the research, the following conclusions were made:   
 
1. Proper wet curing is crucial in preventing early age shrinkage of concrete as it 
delays the onset of drying shrinkage until the concrete has gained improved 
tensile strength.  Decreased curing duration or improper curing procedures were 
shown to increase shrinkage and would likely lead to increased restrained 
shrinkage cracking.  
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2. Increasing the duration of wet cure decreases the long term shrinkage.  A 
correlation was observed relating increased wet curing durations to decreased 
shrinkage at 210 days after the end of wet cure.  
3. Modifications to the concrete mix design intended to produce lower shrinkage 
significantly improved the performance of the concrete.  These changes, which 
included a reduction in the cement and water content and the addition of fly ash, 
led to decreased shrinkage without significantly reducing the concrete strength. 
Further, the heat of hydration can also be reduced, thereby reducing thermally 
induced shrinkage. 
4. Embedment strain gages and thermocouples could potentially be installed into 
bridge decks to quantitatively measure wet curing of the deck.   
 
6.2.3  Phase 3: Crack Repair Investigation 
  The third phase evaluated several crack sealers to provide material type and product 
recommendations.  Macrocell specimens were constructed to investigate the performance 
of several repair products in preventing corrosion of the reinforcement.  The specimens 
were designed to represent the interior section of a bridge deck and were subjected to 
tensile stresses until full depth cracks were obtained.  Afterwards, cracks were repaired 
with both gravity feed and overlay repair techniques, and the specimens were restressed to 
simulate traffic loads prior to initiation of a macrocell corrosion test.  The corrosion test 
was conducted for a duration of 53 weeks.  After conclusion of the test, the reinforcement 
was extracted from the specimens to visually assess the degree of corrosion at crack 
locations.  Based on the results of the first phase, the following conclusions were based on 
application and final performance:  
  
Application: 
1. The ability of gravity feed crack repair products to fill cracks was improved by 
applying a pretreatment stripe to all cracks. 
2. A standard application procedure is needed, as there is some variation in 
manufacturer-supplied guidelines.  Consistent surface preparation, mixing 
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times, pretreatment application, and finishing are necessary for optimal crack 
repair performance.  
3. Among gravity feed repair products, methacrylates were easier to handle than 
epoxies due to their lower viscosity but required more pretreatment 
applications. 
4. Some failure was observed in the epoxy gravity feed products upon reloading, 
while all methacrylate gravity feed products withstood the applied loads.   
5. All overlays were cracked upon reloading at the location of the original crack.  
6. Leaking was observed in some specimens, indicating an inadequate crack 
repair.  The leaking was not specific to a certain repair technique or product. 
 
Repair Performance: 
1. In general, epoxies provided the best performance in preventing corrosion. 
However, significant variation among products was observed indicating that 
the type of material alone is not indicative of performance. This variation is 
likely due to the different physical properties of the materials. Table 6.1 
provides a list of top performing products evaluated in this study.    
 
Table 6.1: Products with best performance 
Product Manufacturer Repair Type 
MARK 163 FlexoGrid Poly-Carb Epoxy Overlay 
Dural 335 Euclid / Tamms Epoxy 
Sikadur 55 SLV SikaCorp Epoxy 
Epoxesl GS Structural BASF Epoxy 
Pro-Poxy Type III D.O.T Unitex Epoxy Overlay 
HMSLV Kaufman Products Epoxy 
Dural 50 Euclid / Tamms Epoxy 




2. Based on the results, methacrylates exhibited inferior overall performance 
compared to epoxy repair products.  
3. No correlation was evident between corrosion and crack width considering the 
following crack widths: small (0.010 to 0.013 in), medium (0.016 to 0.020 in), 
and large (0.035 to 0.040 in). For these widths, corrosion does not appear to be 
significantly influenced by crack widths.  
 
6.2.4  Phase 4: Crack Control Investigation 
The fourth phase of the investigation evaluated design parameters to effectively 
control crack widths and mitigate cracking in future construction. Six concrete deck 
specimens were constructed to evaluate the reinforcement required to optimally control 
crack widths.  A crack was pre-formed at midspan to simulate transverse deck cracking 
and evaluate crack growth and stresses on the reinforcement at this location.  Throughout 
the test, deck shrinkage and thermal volumetric changes were restrained by composite 
action between the steel girder and concrete deck.  Test variables such as the amount, 
diameter, and spacing of the reinforcement were investigated to determine their specific 
contribution in controlling cracking. From results of this phase, the following conclusions 
were made:   
1. No significant control of cracking was observed for reinforcement ratios lower 
than 0.42%. Specimens with 0.27% and 0.42% obtained approximately the 
same amount of reinforcement strain. Only a minimum reduction in shrinkage 
strain is obtained using these low reinforcement ratios.  
2. A linear response was obtained for reinforcement ratios higher than 0.65%. 
The strain decreases linearly as the reinforcement amount increases. The 
highest ratio evaluated was 1.25%. 
3. The recommended reinforcement ratio provided by Eq. 6.1 (Frosch et al. 2003, 
2006) is within the effective range. This expression indicates that 0.63% 
reinforcement is required for 000,4' cf psi and 000,60yf psi as 
commonly used in bridge decks.  For the test conducted with 0.65% 
reinforcement, a significant reduction in shrinkage strain was observed.  
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                                            (Eq. 6.1) 
4. The strains in the steel reinforcement are primarily controlled by the 
reinforcement ratio.  No significant influence of the bar spacing (8 in. and 12 
in.) and bar diameter (#4 and #5) was observed in this investigation.  
5. Crack widths provide a similar trend as reinforcement strains with respect to 
the reinforcement ratio. Decks with higher reinforcement ratios exhibited 
smaller crack widths. 
6.3  Design, Construction, and Repair Recommendations 
 Based on conclusions made from this research project, the following design, 
construction, and repair recommendations are made: 
 
Design and Construction of New Bridges: 







This amount of reinforcement was demonstrated in both the laboratory and field to 
control crack widths which leads to improved durability of the bridge deck. 
2. For special structures where enhanced durability is desired, reinforcement amounts 
greater than that recommended above should be considered.  According to this 
investigation, greater reinforcement ratios provide for an increased reduction of 
steel reinforcement strains and crack widths.  Therefore, an increased amount of 
reinforcement will further reduce crack widths. 
3. While the existence of an expansion joint may reduce deck cracking due to a 
decrease in restraint, increasing the number of expansion joints on a bridge deck is 
not recommended as a solution to cracking due to increases in cost and 
maintenance, in addition to problems related to leaking of these joints. 
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4. Alterations to the concrete mix design used on bridge decks (Class C) are strongly 
recommended.  A reduction in the cement and water contents and the addition of fly 
ash can significantly reduce the heat of hydration, early age shrinkage, and total 
shrinkage of the deck.   
5. Casting of concrete decks should not be conducted when temperatures below 40°F 
are expected on the day of casting or the 7 days following casting.  In addition, 
weather conditions such as low humidity and high wind speeds should be avoided 
on the day of casting.   
6. Continuous wet cure procedures, initiated as early as possible after concrete 
placement, should be strictly adhered to, as improper wet curing leads to increased 
early age shrinkage. 
7. A 7 day minimum continuous wet cure is adequate to control early age shrinkage.  
Long term shrinkage can be reduced by increasing the duration of wet cure.  
However, the most important benefit is the delay of shrinkage until the concrete has 
developed sufficient tensile strength.  While there is benefit to further increasing the 
required duration of wet cure, the improved performance would not be significant 
enough to offset increased costs due to delays in construction.  
 
Repair of Existing Bridges: 
1. A pretreatment stripe should be incorporated into all gravity feed crack repair 
procedures.  This will allow the product to more completely fill the crack and 
results in an improved repair.  
2. All overlay repair should be conducted in conjunction with a gravity feed crack 
repair as overlays have been shown to crack at the location of the original crack 
when loaded.   
3. The selection of crack repair material should be performed considering crack 
widths.  For narrow cracks, methacrylates should be considered as they provide 
deeper penetration into the crack than epoxies.  For wide cracks (> 0.016 in.), 
epoxies are recommended because of their higher bond strength and their 
demonstrated performance in this investigation.  Methacrylates should not be used 
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as a repair solution for the repair of wide cracks (> 0.016 in.) as indicated by their 
poor performance in this investigation.  For bridge decks, repair is typically 
conducted for wide cracks. 
4. The repair products listed in Table 6.1 and repeated below can be effectively used 
for the repair of bridge deck cracks to enhance the durability of the deck.  It is 
important that the application procedures for the product be followed to provide for 
proper performance of the material. 
 
Product Manufacturer Repair Type 
MARK 163 FlexoGrid Poly-Carb Epoxy Overlay 
Dural 335 Euclid / Tamms Epoxy 
Sikadur 55 SLV SikaCorp Epoxy 
Epoxesl GS Structural BASF Epoxy 
Pro-Poxy Type III D.O.T Unitex Epoxy Overlay 
HMSLV Kaufman Products Epoxy 
Dural 50 Euclid / Tamms Epoxy 
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REPAIR PRODUCT TECHNICAL DATA SHEETS 
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Technical data sheets for all crack repair products used the crack repair 
investigation are provided.    
 
Table A.1: Crack repair products 
 
Product Name Manufacturer Figure 
SikaPronto 19 TF SIKA Corp. A.1 
Sikadur 55 SLV SIKA Corp. A.2 
MARK-127 Poly-Carb A.3 
MARK-135 Safe-T-Seal Poly-Carb A.4 
Epoxeal GS Structural BASF A.5 
Degadeck Crack Sealer Plus BASF A.6 
Enviroseal BASF A.7 
Dural 335 Euclid / Tamms A.8 
Dural 50 Euclid / Tamms A.9 
Dural 50 LM Euclid / Tamms A.10 
SurePoxy HMSLV Kaufman Products A.11 
FX-770 HM LV Fox Industries A.12 
FX-821 MMA Fox Industries A.13 
Bridge Seal Unitex Chemicals A.14 
Mark-163 FlexoGrid Poly-Carb A.15 
Pro-Poxy Type III D.O.T. Unitex Chemicals A.16 
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Figure A.1: Technical Data Sheet: SikaPronto 19 TF, SIKA Corp.  
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Figure A.1 (cont.): Technical Data Sheet: SikaPronto 19 TF, SIKA Corp. 
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Figure A.2: Technical Data Sheet: Sikadur 55 SLV, SIKA Corp. 




Figure A.2 (cont.): Technical Data Sheet: Sikadur 55 SLV, SIKA Corp. 
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Figure A.3: Technical Data Sheet, Mark-127, Poly Carb, Inc. 
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Figure A.3 (cont.): Technical Data Sheet, Mark-127, Poly Carb, Inc. 
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Figure A.4: Technical Data Sheet, Mark-135 SAFE-T-SEAL, Poly Carb, Inc. 
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Figure A.4 (cont.): Technical Data Sheet, Mark-135 SAFE-T-SEAL, Poly 
Carb, Inc. 
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Figure A.5: Technical Data Sheet, Epoxeal GS Structural, BASF  
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 Figure A.5 (cont.): Technical Data Sheet, Epoxeal GS Structural, BASF 
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 Figure A.5 (cont.): Technical Data Sheet, Epoxeal GS Structural, BASF 
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Figure A.6: Technical Data Sheet, Degadeck Crack Sealer Plus, BASF 
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 Figure A.6 (cont.): Technical Data Sheet, Degadeck Crack Sealer Plus, BASF 
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 Figure A.6 (cont.): Technical Data Sheet, Degadeck Crack Sealer Plus, BASF  
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Figure A.7: Technical Data Sheet, Enviroseal 40, BASF 
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 Figure A.7 (cont.): Technical Data Sheet, Enviroseal 40, BASF 
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Figure A.7 (cont.): Technical Data Sheet, Enviroseal 40, BASF 
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Figure A.8: Technical Data Sheet, Dural 335, Euclid Chemical  
 
  281  
 
 
Figure A.8 (cont.): Technical Data Sheet, Dural 335, Euclid Chemical 
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Figure A.9: Technical Data Sheet, Dural 50, Euclid Chemical 
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Figure A.9 (cont.): Technical Data Sheet, Dural 50, Euclid Chemical 
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Figure A.10: Technical Data Sheet, Dural 50 LM, Euclid Chemical 
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Figure A.10 (cont.): Technical Data Sheet, Dural 50 LM, Euclid Chemical 
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Figure A.11: Technical Data Sheet, SurePoxy HMSLV, Kaufman Products, 
Inc. 
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Figure A.11 (cont.): Technical Data Sheet, SurePoxy HMSLV, Kaufman 
Products, Inc. 
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Figure A.12: Technical Data Sheet, FX-770 HM LV, Fox Industries 
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Figure A.12 (cont.): Technical Data Sheet, FX-770 HM LV, Fox Industries 
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Figure A.13: Technical Data Sheet, FX-821 MMA, Fox Industries 
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Figure A.14: Technical Data Sheet, Bridge Seal, Unitex Chemicals 
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Figure A.14 (cont.): Technical Data Sheet, Bridge Seal, Unitex Chemicals 
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Figure A.14 (cont.): Technical Data Sheet, Bridge Seal, Unitex Chemicals 
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Figure A.14 (cont.): Technical Data Sheet, Bridge Seal, Unitex Chemicals 
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Figure A.15: Technical Data Sheet, Mark-163 FLEXOGRID, Poly-Carb, Inc. 
  296  
 
 
Figure A.15 (cont.): Technical Data Sheet, Mark-163 FLEXOGRID, Poly-
Carb, Inc. 
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Figure A.15 (cont.): Technical Data Sheet, Mark-163 FLEXOGRID, Poly-
Carb, Inc. 
  298  
  
Figure A.15 (cont.): Technical Data Sheet, Mark-163 FLEXOGRID, Poly-
Carb, Inc. 
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 Figure A.15 (cont.): Technical Data Sheet, Mark-163 FLEXOGRID, Poly-
Carb, Inc. 
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 Figure A.15 (cont.): Technical Data Sheet, Mark-163 FLEXOGRID, Poly-
Carb, Inc. 





Figure A.16: Technical Data Sheet, Pro-Poxy Type III D.O.T., Unitex 
Chemicals 
 




Figure A.16 (cont.): Technical Data Sheet, Pro-Poxy Type III D.O.T., Unitex  
Chemicals 




 Figure A.16 (cont.): Technical Data Sheet, Pro-Poxy Type III D.O.T., Unitex 
Chemicals 
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Table C.1: Average corrosion for each specimen - Visual examination 
 
Product Manufacturer Repair Type Specimen 
Assessment 
Average 





















































Table C.1(continued): Average corrosion for each specimen - Visual examination 
 
Product Manufacturer Repair Type Specimen 
Assessment 
Average 
































Enviroseal BASF Waterproofer 
10 0.67 
45 1.00 
44 0.75 
 
 
 
 
 
 
 
 
